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NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States nor any agency thereof, nor any of its employees, nor any
of its contractors, subcontractors, or their employees, make any
warranty, expressed or implied, or assumes any legal liability
or responsibility for any third party's use or the results of
such use of any information, apparatus, product or process
disclosed in this report or represents that its use by such third
party would not infringe privately owned rights.

DISCLAIMERS

The citation of tradenames and names of manufacturers in
this report is not to be construed as official Government

endorsement or approval of commerical products or services
referenced herein.

DISPOSITION

Destroy this report when it is no longer needed. Do not
return it to originator.
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SUMMARY

A l2-month project was conducted for the development of a
methanol fuel processor to produce hydrogen fuel for a phos-
phoric acid fuel cell power unit. The fuel processor is based
on steam reforming of the methanol using water vapor obtained by
combustion of fuel cell stack anode tail-gas with ambient air.
In contrast to conventional steam reformers, this approach
avoids introduction of liquid water at the reformer inlet.
Vaporizer heat requirements are reduced substantially, and

water condenser and fuel premix equipment are eliminated.

Mass and energy balance calculations were performed for
four candidate power unit system configurations. A preliminary
fuel processor design was developed for use with the preferred
power unit system design. The burner and vaporizer for the fuel
processor were built and tested. Based on the results of these
tests, a 5kW rated fuel processor design was developed and
evaluated.

The fuel processor met the anticipated power unit re-
quirements for fuel conversion efficiency and weight. Startup
time was 30 minutes instead of the projected 15 minutes. The
test results were used to generate a modified developmental

design which projects improved start-up and system integration
features.
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PREFACE

This effort was conducted under the direction of Dr. Larry

Christner, with advisory support from Dr. Baker, Dr. Maru, Mr.
Abens and Dr. Farooque. The Program Manager was Mr. Steinfe |.

Material and energy balances, and systems evaluations w.
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Hunt. Word processing and layout were done by M. Shanley and J.
Muehlfeld. Technical editing was done by L. Rindner and J.
Muehlfeld.
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appreciated and acknowledged in carrying out this effort.
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1.0 INTRODUCTION .
,_\-__

The development of small methanol fuel cell power units ;f

has so far evolved with methanol-water mix as the fuel. Hydrogen it

0 '.a .a.

A
’

for the fuel cell stack is generated by steam reforming of this
fuel over a low temperature shift catalyst. This approach
results in a simple power plant system design, but complicates

fuel supply logsitics because of the need to mix the methanol

L AN
'

with water. The mixed fuel also has a lower energy content, an

important drawback for remote power applications.

Energy Research Corporation {(ERC) has been pursuing ap-

proaches for operation of the fuel cell power unit on neat RS

&
- %
¥
-9
;?
lg

methanol. Recently, ERC completed acceptance testing of a 5kW )

neat methanol power unit built for the Air Force under Contract

F33615-82-C-2201. 1In this power unit, water was recovered by
condensation from the exhaust streams and mixed automatically in

the required proportions with methanol prior to steam reforming.

-
T v‘>...~ .
41. :-‘.A! ‘4 el

This approach was further developed by building and testing a 3kW

' v
PSP R

KL

neat methanol brassboard power unit for the U.S. Army under
Contract DAAK70-79-C-0249.

IR
.

This report describes a 12-month effort toward the de-

velopment of an alternate approach to processing neat methanol

in a fuel cell power unit. This approach is based on re-

circulation of combusted anode exhaust from the fuel cell stack . ASRRE R
S . - ) ]

to the reformer, eliminating the condenser and the fuel mixing e

tank. The scope of the project included:

. Overall fuel cell power unit system analysis.

. Conceptual de-:gn of the fuel processor.

. Design developns:nt of key fuel processor com-
ponents.

. Fabrication of a complete 5kW rated fuel pro-
cessor.

. Testing of the fuel processor with simulated

fuel cell stack gas streams.

Page No. 9
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1.

METHANOL CONSUMPTION
(L/hr)

Rated Load
50% Rated Load

WEIGHT (Kg)

STARTUP TIME (min)

METHANOL FUEL QUALITY

PRODUCT GAS QUALITY

% Hp, minimum
$ CO

TABLE 1.
NEAT METHANOL REFORMER SPECIFICATIONS

The minimum performance requirements and the ariisvements

of the reformer established for this project are showe in Table

REQUIRED DESIRED ACHIEVED
7.75 .0 4.7
7.75 2.0 2.3

114 50 21
15 5 3y
OM 232 OM 232 with 5% CM 232
higher alcohols
or hydrocarbons
25 25 2'¢. P
<3 <l AT

Page No. 10
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2.0 POWER UNIT SYSTEM CONFIGURATION

The development of a fuel processor that can operate on neat
methanol was initiated by evaluation of various options in fuel
cell power unit system configuration. Among the options avail-
able, two categories can be identified:

. Water recovery by condensation
. Water recovery by vapor recycle

The second category was chosen for this effort because it
requires no condenser or liquid water metering. The water needed
for reforming is provided by recycling water vapor available in
stack exhaust gases and by partial oxidation of methanol. Four
possible power unit system configurations were evaluated:

System #1 - Partial Oxidation with Air

System %#2 - Cathode Exhaust Recycle

System #3 - Cathode and Anode Exhaust Recycle
System #4 - Anode Exhaust Recycle and Air

These systems are illustrated in Figures 1 and 2, and their key
features are summarized in Table 2.

System #1 requires no recycle and obtains water by the
partial oxidation of methanol. This is the simplest, but least
efficient system because methancl is combusted to generate water
for reforming. The unused anode hydrogen and moisture in the

stack exhaust are not utilized.

System #2 utilizes the cathode exhaust to provide oxygen
for partial oxidation of methanol and recycles some of the
moisture in the cathode exhaust. The anode exhaust hydrogen
again is not utilized. This system is more efficient than System
#1, but requires a recycle blower on the cathode exhaust, and a
means to control the flow rate of the recycled gas.

Page No. 11
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TABLE 2

SYSTEM CONFIGURATION OPTIONS

& SYSTEM

FEATURES

EFFICIENCY

COMPLEXITY

No recycle
Air Oxidation

Cathode
Recycle

Cathode &
Anode Recycle

Anode Recycle
and Air Oxi-
dation

Low

Medium

Highest

High

Low

Medium

High

Medium

........

......
)
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System #3 recycles both anode and cathode exhausts, and as
a result obtains the highest efficiency. In this configuration,
anode exhaust is burned using the oxygen in the cathode exhaust.
The product water is utilized in the reformer by recycling the
combusted anode exhaust. This configuration requires recycle
blowers on anode and cathode streams and a flow split of the

cathode exhaust making the system more complicated to control.

The elimination of the cathode recycle from System #3 re-
sults in a simpler system design with a minimum loss of ef-
ficiency. This system (System #4) was adopted as the basis for
the 5kW reformer development.

Relative efficiencies of Systems #2, #3, and #4 are shown
in Figure 3. System #2, with cathode recycle, results in the
lowest efficiency, which declines with increasing H0/CH30H
ratio since more CH30H is oxidized to obtain higher H;0/CH30H
ratios, leaving less CH30H to be reformed to hydrogen.

Systems #3 and #4 show significantly higher efficiencies
because water is derived by combusting anode exhaust hydrogen,
rather than methanol. System #3 shows slightly higher ef-
ficiencies than System #4 due to the moisture utilized from the
cathode recycle. However, System #4 is simpler to control since

the cathode stream is decoupled from the fuel processor.

Of the four options evaluated, System #4 appears to be most
attractive because of:

. Relative simplicity of operation and cecntrol,
. High efficiency,
. Achievement of thermal balance with high anode fuel

utilization.

Page No. 15
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i ] ]

Gross Power 7.25 kW

1 I
Anode Utilization = 0.80
Cuthode Utilization = 0,50

Cathode & Anode

—‘O_—‘—___—()_____——Cr—

Efficiency = Net Power =

LIV MEOH X 1lb moles MEOH
HR

N— — ?)\ Recycle ]
—— —~() Anode Recycl
and air
—]
5.0 kW X 3414 BTU
KwHR _
274698 BTU - X.lb moles MEOH
1b mole MEOH HR

J

CATHODE RECYCLE
h

1.1 1.2 1.3
120/C1t 30U

NET SYSTEM EFFICIENCY

Cross Power 7.25 kW

Anode Utilization = 0.8C
Cathode Utilization = 0.50

g qSystem 3

—= System 4

™ Ye———
L= Y g
—_— —n
N ﬁJ\D‘System 2
-
D WU VRN WY WU NN VRN SR GHN NN Y p 1 L1 a1
1.0 1.1 1.2 1.3 1.4 1.5

H0/CH ;04

HYDROGEN PRODUCTION

FIGURE 3.
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3.0 FUEL PROCESSOR CONCEPT DEVELOPMENT

The fuel cell power unit system chosen for development is
System #4 and is enlarged in Figure 4, for clarity. The fuel
processor is defined within the dotted line. This system
operates on anode exhaust and air. A portion of the burner
exhaust is recycled to provide the water for reforming.

The fuel processor concept was developed based on the
following key criteria:

o 75% anode fuel utilization in the stack at full
load
. 65% anode fuel utilization in the stack at part

load (idling condition)

. Constant recycle blower speed for all load
conditions

Design basis operating conditions are shown in Table 3.

3.1 HEAT BALANCE

Figure 5 shows the heat balance for the reformer and the
heat duty for the recycle heat exchanger at anode fuel utiliza-
tions of 75% and 80%. At 75% anode utilization and a H0/CH30H
ratio of 1.22, the excess heat in the reformer will be 5500
BTU/hr. This heat will be lost to the surroundings. The recycle
heat exchanger at the same conditions will require a heat load
of 2700 BTU/hr.

Figure 6 indicates that at part loaé conditions, (4 kW
stack) the excess heat in the reformer will be 4590 BTU/hr at
an anode fuel utilization of 65% and a Hp0/CH30H mol ratio of
2.28. This indicates that a heat balance can be maintained as
the load varies from full load to part load conditions. In order
to reduce control requirements, constant recycle blower speed

was chosen.
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ENERGY RESEARCH CORPORATION

TABLE 3.

5kW NEAT METHANOL FUEL PROCESSOR
DESIGN BASIS-OPERATING CONDITIONS

STACK OUTPUT, kW 7.25 4.0

Anode Utilization, % 75 65

Cathode Utilization, % 50 50

H70/CH30H at Reformer Inlet 1.22 2.28
Reformer Heat Load, (BTU/Hr) 5479 4590
HX Heat Load 2700 2643
Recycle Gas Flow Rate (Actual Ft3/Hr) 894 892
Product Hj; Concentration, % 31 19.9
CO Concentration, % 1.3 .3
Fuel Flow, LB/Hr 8.16 4.35

Oxidizer Air Flow, SCFH 195 135
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Figure 7 indicates that the H;0/CH30H mol ratio increases
as the load decreases. At rated load, the water to methanol mol

ratio is 1.22:1.

3.2 AIR AND FUEL REQUIREMENTS

Air and fuel requirements of the fuel processor are shown
in Figures 8 and 9. The hydrogen concentration in the fuel gas
to the anode is shown in Figure 10. The curves indicate that
higher H0/CH30H mol ratios and higher anode utilizations pro-
duce lower Hj concentrations. This is due to dilution by the
recycle gas as HpO/CH30H mol ratio is increased by increasing the
recycle flow rate. The equilibrium CO concentrations are
reduced by increasing H20/CH30H mol ratio due to the CO shift
reaction and the diluting effect of the recycle gas as seen in
Figure 11. Figure 12 demonstrates the recycle heat exchanger
heat duty at part load, and Figure 13 shows the recycle blower
flow rate at full load.

3.3 CONFIGURATION AND OPERATION

The conceptual design of the fuel processor is shown in
Figure 14. Stack anode exhaust is combusted with air over a
platinum catalyst in the center annulus to heat the middle
annulus where methanol is vaporized. A portion of the combustion
product 1is recycled back into the vaporizer annulus which
contains a stainless steel wick material for absorbing the
liquid methanol. The catalyst bed is in the outermost annulus
and is heated by heat transfer from the vaporizer and by the
sensible heat of the incc.'ing gases. The top of the bed is cooled
by the inlet of the vaporirer section to minimize CO and maximize
Hy production. The dimensions and weights estimated for this

processor design are summarized in Table 4.

3.4 MATERIAL AND ENERGY BALANCES

Material and energy balances were conducted for a number of
operating parameters to determine their effect on the per-

Dape No. 21
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TABLE 4,

SkW NEAT METHANOL FUEL PROCESSOR
CONCEPTUAL DESIGN

Overall Length . . . . « . + « ¢ « « « o« & 24 inches
Overall biameter (without insulation) . . 5 9/16 inches
Catalyst Volume . . . v ¢ v ¢ v « o« « « @ 0.20 ft3 ?fzﬁf
GHsv! at Reformer Inlet . . . . . . . . . 3500

Catalyst Loading . . . ¢ « ¢« ¢ v o o 4 o = 11.97 Lbs

Estimated Weight . . . . . . . . . . . . . 75 Lbs.

1 GHSV at inlet based on gas volume at 60°F and 760 mm

Hg pressure.

Page No. 27
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formance of the overall system. The key parameters of the
material and energy balance are shown in Table 5. The complete
node array analysis for the system is given in Appendix A. The
baseline design compositions and flow rates at full load are
shown on page A-3. Baseline design compositions and flow rates
at part load are shown on page A-4.
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TABLE 5.

MATERIAL AND ENERGY BALANCE CONDITIONS

CONDITIONS EVALUATED

FULL LOAD PART LOAD FULL LOAD
(7.25 kW) (4.0 kW) DESIGN
PARAMETER GROSS POWER GROSS POWER CONDITION CHOSEN
Anode .65, .70, .75
Utilization .80 .65 .75
Cathode
Utilization .50 .50 .50
H,0/CH30H At RS
Reformer Inlet 1.1, 1.3, 1.5 2.28 1.22 ‘
Anode Exhaust
Combustion Air Stoichiometric Stoichiometric Stoichiometric

Page No. 29
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' 4.0 PRELIMINARY FUEL PROCESSOR DESIGN

The preliminary fuel processor design was based on the

system analysis and the material and energy balance. The key

~e e »
1 8.

components of the fuel processor are:

. a combustion tube for oxidation of anode exhaust
, . a methanol vaporizer
- . a reforming/shift catalyst bed

4.1 COMBUSTION OF ANODE EXHAUST

The approach chosen for this design was to use catalytic

combustion utilizing platinum catalysts only. Catalytic com-

e

bustion can be efficient at low excess air levels, possibly
approaching stoichiometric. This would increase adiabatic
_ flame temperatures and reduce the work load of the combustion air
i blowers.

Based on previous subscale testing, the combustion tube was

sized at 1 1/4 inch diameter and 24 inches long. The platinum

o catalyst chosen for the combustion tube was a spiralled platinum
. monolith.

4.2 VAPORIZATION OF METHANOL

The vaporizer design for this fuel processor includes a

@ I

wick vaporizer. The wick vaporizer was tested and used in
subscale boilers and reactors in previous work and was found to
operate smoothly. The advantage of the wick vaporizer is that

it spreads the liquid over a large surface area for good heat

. r'.—v"vv'v - -

transfer. The wick material can be catalyzed thereby promoting
some catalytic decomposition of methanol and hydrogen pro-
duction in the vaporizer. This takes some of the reforming load

off the catalyst bed, easing the heat requirements in the

reforming zone.

>y v - T .
B N PN
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Wick temperatures were used to determine it wiat point
along the wick all of the liquid was vaporized. 11 simgle tube
tests it was found that generally all the methanol was vagperized
within one inch of the inlet. The wick material keegs tire liguid
against the heated surface resulting in good heat :rransfer and

rapid, smooth vaporization.

4.3 REFORMING/SHIFT CATALYST BED

The size of the catalyst bed was determined frcm previous
experience with the Army 3 kW power plant (Contract Taax 78'~C-79-
0249), and was scaled up directly. The preliminary desigm was
specified as follows:

Catalyst Volume: 0.2 Ft3
Catalyst Loading: 11.97 Lbs.
Catalyst: UCI T2107 RS

The chemical and physical properties of the catalvst are
shown in Table 6.

nad

Figure 15 depicts the preliminary fuel processar ‘insign a
Figure 16 shows a photograph of various components ol “1e fnel

processor.
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TABLE 6.

:i TYPICAL CHEMICAL AND PHYSICAL PROPERTIES
<. OF UCI T2107 CATALYST

Chemical Composition Weight % (Oxide Basis)

CUD v v v v v v e e e e e e e e e e e e 43.0 + 4.0
/4 + 10 2 20.0
BAlo03 & v v v bt e e e e e e e e e e e 30.0
Cro03 v v v v v v v s 4 e e e e e e e e 3.2 + 0.4

S i e e e e e e e e e e e e e e e e e e <0.05

Physical Properties

A. Bulk Density, lbs./cu.Ft. « 0 e e . 70 + 5
. B. Surface Area, m2/9 . . . . . . . . . 130 + 30
o C. Pore vVolume, ¢¢/9 . . . v v o v o . . 0.25 - 0.35
D. Crush Strength, lbs. DWL . . . . . . 10 minimum

E. FOorm . . . ¢ v v v e v v v o o o o . 1/8"x1/8" tablets’
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5.0 COMPONENT TESTING

The preliminary design described in Section 4.0 was first
evaluated by testing the combustor and vaporizer as separate
components. The test facility flow schematic for the complete
fuel processor is shown in Figure 17. The gas composition
required was arrived at by metering the required amount of CH30H,
H»0, CO2 N3, Hpz and air, and preheating the mixture to the
required temperature. Instrumentation included thermocouples,
pressure gauges, pressure differential gauges, and gas flow
meters. Gas composition was determined by gas chromatography.
Test conditions were defined at full load (7.25 kW) and part load
{4 kW) reactant flows.

5.1 COMBUSTION TUBE

Figure 18 illustrates the test configuration for combus-
tion tube testing. Tests at 4 kW (idle power) flows indicated
that the maximum bed temperature achieved was 1010°F, and the
maximum wall temperature was 1026°F. Hydrogen combustion was
93.4% complete, and oxygen was 94.9% consumed, using stoichio-

metric air.

At full load flows, complete hydrogen combustion was a-
chieved with 16.3% excess air. Maximum bed temperature was
1165°F and maximum tube wall temperature was 1146°F. Without
excess air at full load conditions, the inlet wall temperature
was reduced by about 30°F, and the exhaust gas contained 0.17%
Hp. Figures 19 to 23 depict combustion tube temperature profiles
and exhaust gas compositions for part locad and full load flows.

The pressure drop in the combustion tube was 67-84 inches
of water (part load and full load conditions). A larger diameter
tube was used in the subsequent design to reduce the pressure
drop.

Page No. 37

.........
Sl ot tndandmd




NOILVINDIANOD QNVLS LSAL NI OILVYWIHOS MOTd ¥OSSADOYd TaNd MG
LT 40914

L [o o]
o™
1 N < S
< ] | @]
2 I 2 2
2 It Y @
N i 5 ¢ ae
m " | 3 HO ®HO| v %
S~
o’n N %o %H 3 il 3 ®N %00 O%H
e ) ) m
o 1 1 I
m
m ! ! >
2 2 i m
o 2 | | o
(o4 | |
-4 I
-3 |
[*] | _
a |
[+ 4 I |
o ]
0 | |
x “ !
“ LSNVYHX3I i “ 1SNVHX3
g 30ONY Q3LYINNIS i H3INENG Q3LVINNIS
7] ; \
“ SISATYNY SVD OL SVD 13nd
>
o i
a
w
2
w

1SNVHX3




ENERGY RESEARCH CORPORATION

gy

dIWHOJFY TONVYHLIW LVAN MG - ONILSIL

8T JddNOI1Id

PR
LRI A )

ddnNL NOILSNIWOO

SISATVNY SVO Ol =

ONO1 .¥2Z 1IYM SEO° §\

jgnlL v, 1Ze ‘a0 Y,

— =y
ﬁ.........
s = 4
~ ; q
I
1 ¢
RN it <
1HDI3H iT
IviolL iTi
(S1100.02 40 dv 1 «9
SHIAV 61) WH
HLITONOW 4 =
1d \k\ i <
asnL _—Y 1 .9
NOILSNENOD n\\f
|1 —
i
? uV
q
2L/T1TVM
TT1IMOWHIHL

H431Vv3IHIYd /H3IZIHOJDVA

o°H 2N %02 ?%H

1SNVYHX3 IAONY Q3LVYINNWIS

) "
P A R R A

39

Page No.




TEMPERATURE, °F

ENERGY RESEARCH CORPORATION
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FPIGURE 19.
COMBUSTION TUBE TEMPERATURE PROFILE - PART LOAD
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Test: 5 kW 006
Oxidant: Stoichiometric Air
- Flows: Part Load (4 kW)
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5.2 METHANOL VAPORIZER

Figure 24 illustrates the vaporizer tested. Tests were
conducted at part load (4.36 lb/hr flow) and full load (8.17
l1b/hr flow). In both cases all the methanol was vaporized within
the first inch of the wick. The wick vaporizer appeared to
function smoothly, and resulted in very rapid vaporization of
the methanol. Temperature profiles in the vaporizer and com-
bustion tube are shown in Figures 25 and 26. A photograph of the
vaporizer mounted in the test facility is shown in Figure 27.

Although vaporization of the methanol was accomplished
effectively in the wick vaporizer tested, the temperature of the
fuel gas leaving the vaporizer was not as high as desired because
of heat transfer limitation between the combustion tube and the
vaporizer.

The heat duty required for heat transfer from the com-
bustion tube to the vaporizer is 9072 BTU/hr. The actual heat
transfer obtained was 2961 BTU/hr. Therefore, an increase in
heat transfer by a factor of 3 was required. This necessitated
a design modification which provided the additional heat trans-

fer area to meet the requirement.
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TO GC GAS ANALYSIS

METHANOL = =—— ‘ T=== <——SIMULATED RECYCLE
(N GAS 350° F
=

i
i HELICAL PLATINUM

/MONOLITH CATALYST

—< BED T/C

WICK VAPORIZER "

.125° THICK

77T,

/

N7 ITT 27277072477

|

24" 316 S/S TUBE .035 WALL

&

WALL
T/C

27T7Z

AN INLOTIOHITIONTIL L WG N

D e

] : |E
! |
i 'Q
Ll .
N

> :;;L- ': <
o— 5 rF

TO GC GAS ANALYSIS -— ——

-

AIR ——

-— SIMULATED
ANODE EXHAUST

FIGURE 24.

CATALYTIC ANODE EXHAUST COMBUSTOR WITH VAPORIZER
5kW METHANOL FUEL PROCESSOR
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1600

o Combustion Tube Bed 0 Vaporizer Wick
a Vaporizer Wall e Vaporizer Gas

1400+

, — Combustion Gos Methanal + Recycle Gas = D
1200+

1000 o 5

800

Test# + ki 008 R
Tine & 1.42 Hours s
Flows * 4k¥ Gross RO

4004 M

200

600

DEGREES , F

0
0 2 4 6 8 1o 2 14 16 l8 2 2
REACTOR LENGTH , inches

TIGURE 25.

. VAPORIZER AND COMBUSTION TUBE TEMPERATURE PROFILE AT PART LOAD RS
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16
o Combustion Tube Bed a Voporizer Wick
: a Voporizer Gas e Vaporizer Wall
: 1400 S
; ——— (ombustion Gos Methano! + Recycle Gas =— e
! 1200- ! ’ ..
. :%
1000 -
800 Test# + Sk 009
“‘_ Time + b Hours
% 600 Flows + /7.25kW Gross
i o
85 400
(W8]
. c
: 200
. 0 T T T
> 4 6. 8 fo 2 14 l6 18 20 2 o i
REACTOR LENGTH , inches e
) o
“IGURE 26. ; .
VAPORIZER AND COMBUSTION TUBE TEMPERATURE PROFILE AT FULL LOAD Fr——
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6.0 DESIGN AND CONSTRUCTION OF THE REFORMER

Based on the results obtained with the prelimnary design
components, the reformer was redesigned as shown in Table 7.
Pressure drop and heat transfer considerations used to arrive at

this design are given in Appendices C and D, respectively.

A photograph of the key components are shown in Figure 28,
and the assembled reformer can be seen in Figure 29. A cross-

sectional drawing of the reformer is shown in Figure 30.

The overall weight of the reformer is 46 lbs. The weight
breakdown is shown in Table 8.
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o TABLE 8

. REFORMER WEIGHT BREAKDOWN
COMPONENT WEIGHT, grams

'; Combustion Annulus (I) with Spacers 1,570
Vaporizer Cap 490

- Reformer Upper Ring 40

-i Combustion Gas Flow Distributor

o and Combustor 470

. Plug Assembly with Insulation 3,320

oL Combustion Tube 2,760

(i Reformer and Vaporizer Assembly 6,110
Catalyst 6,090

TOTAL 20,850 grams

- (45.93 1b)

1% The total weight does not include external insulation. .

o

i.
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7.0 FUEL PROCESSOR TESTING |
- DA SRS
"\ L AR
"\ RSANR
. The objective of this series of tests was to verify per- iiﬂﬁli
E formance of the reformer at full load (7.25 kW) and part load (4 Eﬁﬁfﬁﬁ
. n-.¢‘.... . ‘.
o kW) conditions, and to test startup and transient load oper- PLSE Y

ation.

Testing was carried out in the following sequence:

. Combustion of anode exhaust in catalytic burner - prior to
- complete assembly of reformer.

i . Reforming at 7.25 kW flows with Np heat up.
f . Reforming at 4 kW flows with Ny heat up.
® . Startup at 4 kW flow conditions.
. Startup at 4 kW flow conditions and transient to 7.25 kW
flow conditions,
The flows used during these tests are summarized in Table
9, and Table 10 summarizes the tests conducted. A summary of the
performance of the fuel processor is given in Table 11.
7.1 COMBUSTION OF ANODE EXHAUST
j; The combustion of simulated anode exhaust at idle (4 kW) and
" full load (7.25kW) conditions was tested prior to the instal-
' lation of the catalyst bed and vaporizer sections of the re-
former. The parameters tested included fuel flow rate and excess v
air rate. The reformer temperature profile is shown in Figure
31. The effect of excess combustion air can be seen in Table 12.
\d The tests indicated that adequate combustion was obtained. °

LA
1’

However, combustion at full load flows was better than at part
o load flows. Excess air tested was 2% to 10%. Unconverted
B hydrogen detected was 0.19% at part load and 0.1% at full load,

inititally. Subsequent tests at full load resulted in un-

-..l ,l'.’l " g

converted Hy of .03%. The unconverted hydrogen decreased with
excess air and increasing (part load to full load) flows.
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TABLE 9.
FLOWS USED IN REFORMER TESTING

4 kW 7.25 kW AR

COMPONENT RATED FLOW RATED FLOW ";:: KR

BURNER VAPORIZER BURNER VAPORIZER oo
CH30H (CC/min) - 41.61 - 78.02 ! . !
Hy0 (CC/min) 36.5 42.22 32.9 42.5 )
Ny (SL/min) 156.5 155.4 147.7 142.16
Hy (SL/min) 25.2 - 32.9 -
co, (SL/min) 99.8 76.54 130.36 90.13

air (SL/min) 62.6 - 78.3
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TEST
SUMMARIES

Sk 016

TABLE 10.

SUMMARY CF TESTS CONDUCTED
ON MODIFIED REFORMER DESIGN

4 k% Flow Combustion
7.25 kW Flow Combustion

7.25 kW Flow Reforming.
Excess Combustion Air

7.25 kW Flow Reforming.
Excess Combustion Air

7.25 kW Flow Reforming.
Excess Air,

7.25 kW gross flow. H9Q/CH30H
= 1.3 stoichiometric air to burn-
er.

7.25 kW gross flow. H»O/CH3OH
= 1.1 0-2% excess combusiion
air simuiated air preheat.

ik gross flow design condition.

4kW part load flows after meth-
ano} feed tuoe modification, and
leax repair.

4hW part load flows with simu-
inted preheated (2569F) combus-
tion mr and additional insuiation
on top of reformer.

7.25 kW full load flow with simu~
lnted  prehented {2500F) combus-
ton air.

Start-up at 4 kW methanol flow
30 SL/min mr to vaporizer. 33
SL/min to coinustion.

Start-up at 4 KW methanol flow,
40 SL/min mir to vaporizer. 50
SLymin e ~ombustion.

Start-up at 4 kW methanol flow,
25 SL/smin air to vaporizer. 33
SL/min air to combustion. swilch
to 4 kW normal flows.

Start-up At 4kW methanol {low,
25 Shymin air to vaporizer. 33
SLomin sir to combustion switch
16 4 KW normal {iows transienmt ‘o
.25 kW flow,

RESULTS

Uninsulated  combustor  yielded
850°F gas and 0.1%% unburned Hg.

Uninsulated  combustor  yiclded
962°F gus and 0.1% unburned Ha.

87.7%, conversion of methanol and
0.6% CO,

99.2% Conversion of methanol and
1.06% CO after additional insuis-
tion.

Reducing combustion air to 2%
excess air does not affeet per-
formance adversely. 99.85% con-
version of MeOH exit CO at 1%,

Methanol fiow distribution prob-
lem persists, methanol conver-
sion  95.66% due to low tempera-
ture in one side of catalyst bed
CO 0.67%.

Preheating  combustion  air to
4279F increased combustion gas
temp. 529F, methanol conversion
improved to 99.39%, CO higher at
1.46.

Low hydrogen level in exit gas
indicates leak in system. Shutdown
for repairs to fix leaks and poor
methanol flow distribution.

improvement in temperature pro-
file uniformity. Exit gas compo-
sition approximately as expected,
MeOH conversion 91.1%.

Preheating  combustion  air in-
creases cutalvst bed temperatures
55-659F, and improves methanol
conversion by 3.29,  to 94.3%.
Complete Hg combustion in burn-
er.

Improvement in temperature pro-
filc umformity. McOH conversion
81.8%, CO 0.8%.

Start-up conditions reached within
30 minutes.

Ilcat-up slower than test 5kW 026
with lower air flows.

Demonstrated start-up sand switch
to 4 kW flow conditions after 30
minutes 95.1%  methanol conver-
sion.  CO 0.45%,.

Transient to 7.2% flow conducted

under sunulated conditions.  Cata~
Ivst bed nlet drapped 1669F yni-
tiallv  and recovered. Methanol
.onversion 97%,
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TEMPERATURE, °F

1200
o}
1100 ,4—— Catalyst Bed ———f
1000
900} Combustion Gas
Outer Annulus
800
700}
eool Combustion Gas
\ Internal Annulus
Catalyst Bed
500 N
Catalyst Bed
4001+
300} Vaporizer
200} ® °
100} NOTE: Catalyst bed temperatures are measured
at two locations 180° apart
-1 | U S | 1 ] 1 L 1 i I

J S U U S L
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
REACTOR LENGTH (inches)

FIGURE 31.
REFORMER TEMPERATURE PROFILES
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' Testing with 250°F preheated air resulted in complete combustion
N of hydrogen. The CO level measured was 0.04% at full load.
Reducing excess air to 2% did not have an adverse affect on the

performance.

7.2 STEADY STATE TESTING

Initial testing of the fully assembled reformer was at 7.25

- kWw flows. After insulating the reformer, catalyst bed tem-
. peratures of 375-607°F were achieved and 99.85% methanol con-
version was obtained. At these conditions, the CO level was 1%.

- In other tests where the catalyst bed exit temperature was lower,
- the CO level achieved was as low as 0.6%. Tests at H0/CH30H of
1.1 to 1.3 were conducted, and only small variations in per-

formance were observed.

: Plots of catalyst bed and vaporizer temperatures shown in
i Figure 32 indicated that flow distribution in the vaporizer and
the catalyst bed were not uniform. This may be seen by the
difference in temperatures measured at opposite sides of the
reformer 180°F apart. This effect was attributed to nonuniform
. methanol fuel flow distribution, which was later corrected by

the use of an improved liquid distribution manifold.

Figure 33 shows the temperature profiles after the modi-
fication. Here it can be seen that the vaporizer temperatures .
b are much more uniform. The temperature dropped to a low of 135~
1459F at 4 1/2 inches from the inlet of the vaporizer, and
increased to 350-485CF at the exit.

Gas analysis at thz exit of the vaporizer indicated that
both methanol decomposition and reforming were occurring in the
vaporizer. Hydrogen content of 1 - 5.24% was measured due to
thermal and catalytic decomposition of methanol, and possibly
some reforming of methanol over the platinum catalyst in the

vaporizer. Conversion of methanol to hydrogen in the vaporizer

is desirable since it spreads the thermal load over a larger

area. In addition, the hydrogen maintains the inlet of the
catalyst bed in a reduced state.
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TEST S5kw 021

Flow: 7.25 kW Gross
Time: 5.46 Hours

Inlet

Front Of Catalyst Bed

500
E xit
Back Of Catalyst Bed /’_’____—o;m
400f intet —O—
9
Front Of Vaporizer
300+
200 Back Of Vaporizer
100
1 | 1 1 | 1 1 L . N ;
4 ] ) 10 12 14 1t A\ 3 ] 22
BED LENGTH, (inches)
FIGURE 32.
VAPORIZER AND CATALYST BED TEMPERATURE z3H@TFI1E
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Ve AR g
800 T T T T T T T T T T T ‘n}_(}q‘._w_"i
Test § kW 026 Y AV
Flow: 7.25 kKW Gross :.n_:..:,_.'_-_:.
‘lime: 4.75 hrs. U }4’,!’-.

700 Preheated Combustion Air 250° F i

600 }-

Inlet

500 <_ Front Catalyst Bed

Back Catalyst Bed

400 F

300

Inlet Front Of

200} Vaporizer

100 k Back Of Vaporizer

-
o3
=

i i 1 I

2 4 6 8 10 12 14 16 18 20 22
REACTOR LENGTH . inches

FIGURE 33.
VAPORIZER AND CATALYST BED TEMPERATURE PROFILE
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' Figure 31 depicts temperature profiles in th® combusiion
7 annulus, catalyst bed and the vaporizer. The temperatuore

gradients providing the driving force for heat traznsfer canm be

lr"l'

seen in this plot. The outer combustion gas annulus provides
l heat at approximately 1050°F to the catalyst bed iri#t which is
£ operating at 405~510°F, a gradient of 540~-645°F. Ti:= ccmbustion
. gas temperature drops rapidly and reaches approximmtely 250CF
7: within 9 inches. This, essentially, is the reformirg zcae of “he
i catalyst bed as determined by the large amount of teat aidzcobed
» by the reforming reaction. Further up the reformer the rats of

heat loss from the outer combustion annulus is reduced as tie

exothermic shift reaction moves to completion. As “he comr—
i bustion gas moves up the internal annulus, it heats the vapor-—
' izer. In the vaporizer the gradient increases as the tempeyature
of the incoming methanol drops near the top (imlet)} of the

vaporizer. This gradient causes a sharp increase iz tem

-0

perature after all of the methanol is vaporized. Preheating amd
vaporization of methanol is carried out by the exiting com-
bustion gas, which is at its lowest temperature (130°PF) as it
leaves the reformer. Analysis of the combustion ex:t gas duriung
. test 5kW 025 indicated complete hydrogen combusticn, and no €0

was detected in the reformer exhaust stream.

7.3 START-UP AND TRANSIENTS

During start-up, the reformer operates on methaaol and air
only. Start-up was tested by introducing the 4 kWmethanol flow
and air into the vaporizer section of the reformer zo partially
oxidize the methanol, providing heat for wvaperyization amnd

heating of the reformer to its operating temperatore. The gas

- leaving the catalyst bed was diverted to the rej:rmer burmer

-
i'_'
..
13
y
4
).
» S
.,
LS
g
b,
-
-
B
-

where it was combusted with air.

Results of this testing indicated that the plutinized witk
was not effective for oxidizing methanol and raisiimg 2hw ewmm-

era*ure in the vaporizer. 1Instead, an exothermic rracticn was

Page No. 66




..... 3 SRR o i e A A A A et (s RN M o S onl I R ) R e S D AR e e S e - £
° A ) ” - - - w

.....

ENERGY RESEARCH CORPORATION

observed at the inlet of the catalyst bed as depicted in the
temperature profile of Figure 34. This was interpreted as
oxidation of the catalyst and thermal and/or catalytic de-
composition of methanol. This process resulted in a heat-up of
the reformer to operating conditions after 30 minutes.

Analysis of the gas leaving the catalyst bed during start-
up conditions indicated methanol conversion up to 95.1% with hy-
drogen measured at 19.2 - 33%. CO was at 0.45 - 2,39%, and
methanol at 0.3 - 1.23%. During the start-up mode, this gas was

M e g
P

fed to the burner where it was combusted with air to provide
additional heat for start-up.

Eﬁ Figure 35 depicts the temperature profile in the vaporizer
and catalyst bed seven minutes and 4.6 hours after switching from

start-up conditions to 4 kW flow conditions with simulated anode

recycle combustion gas. The data indicates that even after
switching to normal operating conditions, there is still a
slight increase in temperature as the reformer operates at 4 kW
flows. This indicates that higher start-up temperatures may be

desired.

A transient test was conducted by increasing the flows to

5 7.25 kW from 4 kW. Figure 36 depicts catalyst bed temperatures
, at 4 kW and 7.25 kW conditions. A drop in catalyst bed . It
3 temperatures of 166°F (average) was recorded, followed by a : ST

temperature recovery. However, after 42 minutes the catalyst
inlet temperatures were still an average of 155°F lower with 7.25
kW flows as compared to the 4 kW flow conditions. Overall

methanol conversion at 7..5 kW flow condition was 97% with CO at S

1 1.12%. Transients under these conditions result in unconverted
- methanol levels increasirng after the transient, and gradually
& decreasing to the normal level with time.

..
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START-UP TEST
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CH30H: 41.61 cc/Min. (4 kW Flow)
Air: 30 SL/Min.
Combustion Air: 33 SL/Min.
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L 1 L T T T T v T T L]
Flow: 4 kW Gross
Preheated Combustion Air 250° ¥
- Start-up On Methanol TEST S5kW 029
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i 7 Min.
After
Start-up
Vaporizer 4.61 hr. Vaporizer 7 Min.
After Start-up After Start-up
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FIGURE 35.
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[N P 2 )
. l""'."l'J%

L)
+

3
-‘: 800 T T T T T T T T T T T
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8.0 CONCLUSIONS AND RECOMMENDATIONS

A preliminary conceptual design of a neat methanol reformer
utilizing burner exhaust as the source of water was developed.
A reformer having sufficient capacity for a 5kW fuel cell power
unit was built and tested.

The reformer weight is less than half of the permissible
weight. This allows for additional weight of a recycle blower
and recycle gas heat exchanger. Fuel consumption is also less

than the maximum allowable figure.

Start-up time based on limited testing was found to be
longer than required. Thirty minutes were needed in tests
conducted, whereas 15 minutes is required and 5 minutes desired.
The developmental design incorporates design changes that are
intended to improve the start-up time, and are shown in Figure

37. The changes include:
. longer platinized wick;

. coverage of gas passage holes between vaporizer and re-~
former with platinized wick;

N replacement of monolith catalyst with additional layer of
platinized wick in the burner.
The quality of hydrogen exceeds the requirement of 25% at
rated load and the CO level is better than the desired level of
1%. At part load the hydrogen drops to 19.4% and the CO is 0.45%.

All the required objectives for the reformer were met with
the exception of startup time. The desired objectives were met
or exceeded for weight and quality of hydrogen steam. The fuel
consumption could meet the desired level if lower parasitic
power requirements were assumed. A very conservative parasitic
power requirement was assumed in the basis for the reformer
design, requiring a large portion of the fuel flow to generate
parasitic power. If parasitic losses can be reduced, overall

fuel consumption can be reduced.
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Recommendations for future development of this technology

are as follows:

Testing of developmental design with final modifications is
suggested.

Additional testing of start-up and transient conditions is
required.

Incorporate the recycle blower and test reformer in con-
junction with a fuel cell power unit.

Consider second generation design with enhanced heat
transfer (i.e. finned surfaces and other heat transfer
enhancement) in order to reduce size of the reformer.

Consider lighter weight materials where possible in order
to reduce weight.
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CONFIGURATION #4

DATES 12-13-1924

ANALYSIS

MATERTIAL & ENERGY BALANCE -

N

-
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FULL LOAD DESIGN CONDITION

FLOY RATE - 1b rolefhr Press  Teap Enthaloy
i(0g 42 H20 co £az 02 N2 CH3OH T0TAL ATM Deg-F BTU/hr X0DE
t 0,000 0,000 0,600 0,009 0.000 0,000 0,235 0.233 §.000 40 -2.3924E+04 {
2 2,000 0,312 0,030 0.504 0,000 0,793 0,000 1.611 1,009 309 ~1,080SE+0S 2
> 0735 0,087 0,03 0.729 0,009 9,795 0,000 2.277 1,000 400  -1,1838E+05 3
i 0,439 0.023 9,409 0,009 0,552 2.074 0.009 2,431 1,090 250 1.0728E+04 §
S 0,184 0.281 . 0,031 0.729 0.000  0.795 0.000 2.020 1.000 350 ~1.4131E+05 ]
& 0.000 0.380 0,000 0,000 0,276 2,076 0,090 2 1.000 350 -2.3379E+04 b
7 0.000 0,004 0.000 0,000  0.107 0.403 0,000 0. 1.000 70 1.4380E+03 7
8 0,000 9.479 0,790 0,739 0.000 1.199 0,000 2. 1,060 812 -1,2209E+03 8
9 0.090 0,312 0,090 0,504 0.000 9,798 0,252 1. 1,000 712 -1,1973E405 9
1 0,007 3,470 000 0,79 0,000 [.199 9,000 2 1.030 M0 -1,3877E+03 10
11 3.00) 0.153 4,00 0,z288 3,000 0,403 2,009 0 1,000 S00  -5,3420E+04 11
12 0,059 3,312 7,000 0,504 9,000 0,795 9,000 1. 1,000 300 -1.0532E+05 12
COMPOSITION - MOLE FERCENT
NaLE H2 420 ca £ 22 N2 CHIY HODE

1 0,9 0.9 0,0 9.9 0,0 0.0 109,90 1

2 4.0 19.2 0.0 I3 50 49,4 0.0 2

M .0 R 1.3 0.7 2.0 I35 0.9 3

3 0.0 0.9 1.0 0.0 20.3 78.3 0.0 4

5 9.1 13.9 1.5 KL 0.0 3%.4 0.9 S

6 0.0 13.9 0.0 0.9 .1 76,0 0,0 b

7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7

8 0.9 19.3 0.0 32 0.0 49.4 0.0 8

9 0.0 16.7 0.0 21.9 0.0 42,4 13.7 9
10 9.0 19.3 0.0 3.3 0.0 49.4 0.0 10

11 0.0 19.3 0.9 3t.3 0.9 49.4 0.0 t1
12 0.0 19.3 0.9 3.3 .0 49.4 0.0 2
INPUT PRRAMETERS: QUTFUT FARAMETERS:

NUMBER OF CELLS 79 CELL YOLTASE , &V £40.2
CELL AREA . co2 1070.0 CURRENT DENSITY . sA/ca2 153.8
54055 POHER , kW 7.25 NET EFFICIENCY (LHY) 24,3
PrRASITIC POWER CONSUMPTICN , ki 2,73 STACK HEAT LOAD . BTU/br 3121181
ANOSE UTILIZATION 0,75 REFCEMER HEAT LCAD . BTU/Ar t479.1
CATHICE UTILIZATION 0,50 HEAT EX. HKEAT LOAD , BTU/hr DN
HI1D:Mathanol AT REFCPMER INLET 2 BLCHER FLOW RATE , cu. ft/hr §93.9
EYCEST O4¢2EM AT EURNER IMNLET 0.0%
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GATE: 12-14-1984

NODE aRRAaY AaNAL YSIS

CONFIGURATION #4

; FLI4 RATE - 1b eols/hr Press  Teap Enthalpy
- NODE H2 120 oo £oz 02 N2 CHIDH TO7AL ATH Deg-f BTU/hr  NODE
oo0.000 9,000 0.0 0,000 0,000 0,000 0.136 0.136 1,000 80 -1.2741E+04 1
2000000 0310 .83 0,428 0,000 0,869 0.000 1607 1,000 300 -9,5178E+04 2
30 0.402 (.1B0 0.t0s 0,538 0.000  9.889 0,000 2,015 1000 400 -1,0035€405 3
40,000 9011 0,009 0,000 0,261 0,983 0,600 1255 000 230 S5.0795E+403 4
5 0.141  0.265  0.006 0.5 0.000  0.869  0.000 1.839  1.000 350 -1.1077E+05 3
6 0.000 0.187 0,090  0.000 0.131  0.983  0.000 1,301 1.000 330 -1.1780E+04 b
7 0,000 0.003  0.000 0,000 0,073 0,276 0.000 0.353 1,000 70  9.BAS3E+02 7
8 0.000 0.309 0,000  0.584  0.000 1,145 0.000 2,118 1,000 738 -1.1762E40S B
9 0.000  0.310 0,000 0,428 0,000 0,869  0.138 1783 L0300 638 -1.000BE+05 9
10 0,000 2809 0000 0,588 0,000 LL14S 0.000 2118 1090 500 -1,21%4E+05 10
10,000 0,999 G0d 0013 0,000 276 0,000 0,511 1,000 500 -2,9409E+04 1}
120,000 0310 090 0,428 0,000 0,849 0,000 1807 1,000 500 -9.2933E+34 12
COMFOSITION - NOLE PERCENT
HODE K2 H2g €l co2 02 N2 CH3OH  NODE
1 0.0 2.9 0.0 0.0 0.9 0.0 100.0 1
2 0.0 9.7 U 'S 0.0 sS4 0.0 . 2
30197 8.9 0 T 6.9 431 0.0 3
3 0.9 9.9 2.0 0.0 20,8 783 0.0 4
5 T 144 NI W03 0.0 4.3 0.0 5
5 00 14 0.0 8.0 10,0 755 0.0 6
7 0.0 2.9 2.0 0.0 2.8 78.3 0.0 7
8 0,0 193 9.0 26,6 0.0 54 0.0 8
9 5,0  171.3 0.0 246 0.0 49.3 7.8 9
19 0.0 19.3 0.0 28,8 0.0 54 0.0 10
1 0.0 19.3 0.0 88 0.0  S41 0.0 1
12 0.0 193 0.0 28,4 0.0 541 0.0 12
INPUT PRRAMETERS: QUTPUT FRRAMETERS:
NIMEER OF CELLS 79 CELL YOLTAEBE , aV 629.4
CELL AREA , ca2 1079.0 CURRENT LENSITY . =A/ca2 8.2
GROSS FCWER , L 4,00 NET EFFICIENCY (LHV) 25.2%
FARASITIC FOMER CONSUMPTICH |, ki .24 STACK HEAT LOAD , BTU/hr 13525.1
*NODE UTILIZATICN 0.65 REFOEMER HEAT LOAD . ETU/hr 4389.8
CATHISE UTILIZATION 9,50 HEAT EX. HEAT LOAD , ETU/Mr 26430
K10/Metnanal AT REFCRMER INLET 2.8 BLCAER FLOW RATE , cu. ft/hr 891.8
E1CESS DXVCEN AT BURNER [NLET .01

MATERIAL AND ENERGY BAI.»N(E -

PART LOAD DESIGN CONDITION

Page No.
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BATE: 12-13-1934

NODE AaRRAY ANALYSIS

CONFIGURATION #4

FLOY RATE - 1b zole/hr Precs Teen Enthalpy
NOLE H2 420 £o coz 02 N2 CHIOH TOTAL ATH  Deq-F BTU/hr  NODE
Po0.000 0,000 0.600  0.000  0.000  0.060  0.245 0.245  1.000 60  -2,2916E+08 t
20 0,000 0.269  0.000 0505 0.000  0.637  2.000 1463 1000 300 -1.0485E+4S 2
3000.655 0,063 0,039 0711 0,000 0,689 0,000 2,197 1000 400 -1,14B1E+0S 3
300,000 0,023 0,000 0,000 0,556 2,093 0.000 2,672 1900 250 1.0BISE+04 4
5 0,139 0,257 0.039  0.7f1 0.000  0.689  0.000 1,835  1.000 350 -1,3725E+05 5
6 0,000 0,385 0,000 9,000 0.278  2.093  0.000 2,757 1.000 350 -2.3794E+04 )
70,000 0,004 0,000  0.000 0,089 0.334  0.000 0.427 1,000 70 1.1917E+03 7
8 0,000 0,400 0,000 0.749 0,000 1,024 0,000 2173 1,000 761 -1.4667E+05 8
9 0.000  0.269 6,000 0,505 0,000  0.689  9.245 1,708 1000 gbl  -1.1697E405 9
10 0,000 0,400 0,000  0.749 0000 1928 0.000 2473 1000 500 -1SITIEs0S 10
I 0,000 0130 G000 0,245 0,000 0334 0000 0.709  1.000 500 -4,9533E+04 11
120,000 259 00000 0,505 0,000 9.489 0,009 1,463 1000 SO0 -L.O2MBEMS 12
COMPOSITICN - MOLE PERCENT
NOLE H2 420 co co2 02 N2 CHION  NODE
! h.0 3.0 8,0 9.9 0.0 0.0 1000 1
2 9.0 18,4 ORI - 0.0 4. 0.9 2
3 3l 2 L3 s 2.0 314 0.9 3
4 0.9 3.9 0.0 0.0 0.8 783 0.0 3
5 .5 18,0 .1 n 9.0 3. 0.0 5
5 0.0 140 0.0 0.6 10l 758 0.0 6
7 0.0 0.9 0.0 0.0 208 783 0.0 7 a
8 0.0 184 0.0 345 0.0 47,1 0.0 8 -
9 9.0 15.8 2.0 29.4 0.0 40.4 143 9 o
10 0.0 18.4 0.0 345 0.0 471 0.9 10 S
1 0.0 18.4 3.0 345 0.0 7.1 0.0 1 -
12 0.0 18.4 DR 0.0 471 0.0 12 ®
INPUT PARAMETERS: OUTFUT PARAMETERS: - R
NUMBER OF CELLS 79 CELL VOLTAGE , aV 535.8 SR,
CELL AREA , cm2 1075.0 CURFENT DENSITY |, nf/ca2 160.0 °
BRGES POER . kN 7.35 NET EFFICIENCY (LHV) 25.4% SN
PARASITIC PCHER CONSUMPTICH . ki 2.5 STACK HEAT LOAD , BTU/hr 32806.7 S
RNCLE UTILIZATION 0.80 REFORMER HEAT LOAD , BTU/hr 2591.8 R
CATHIDE UTILIZATION 9.50 HEAT EY. HEAT LOAD , BTU/hr 2421.8 el
H10/¥athanol AT FEFORMER INLET 110 BLOSER FLOW FATE , cu. ft/hr 812.1 RS
EXCESS O0VGEN AT EURNER INLET 9,01 o __
~
MATERIAL AND ENERGY BALANCE :
FULL LOAD AT H50/C = 1.1 and 80% ANODE UTILIZATION -

e e - N e e N e Tt e e T e e e T T
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IATEL D-dT-19BN

NODE ARRAY ANAL YSIS

CONFIGURATION #4

FLG4 RATE - 15 aole/hr lrasz Teno Indthalpy
%ODE H2 H20 @0 o2 02 N2 CHIOH TOTAL AT Denc® MM NODE
L 0.000 0,000 0,000 0,000 0,000 0.000 0,257 0,257 LABY & -2, MOIDED4 1
2 0,000 0.283  0.000  0.445 0,000 0,719 0.000 1847 WD 300 -7, 4UTBE404 2
30O0.735 0,066 0,038 0,688 0,000  0.719 (.00 2,220 (A0 WO A HEERS 3
& 0,000 0,023 0.990  9.000 0,551 2,072 0.000 2686 RA00: R L OVUIE+DS s
S 0.8 0.259 0,038  0.664  0.000 0.719  0.000 1868  LUOD  TE0; -1l 20MTEHS 5
b 0,000  0.379 0.0  0.000 0,275 2,072 0.000 2726 AW, FY -3 UUBEN 5
70,000 0,005  0.000  0.000  0.111  0.M7  0.000 0,532 G007 1. 3BTLE4)I 7
8 0.000  0.447 0600 0702 0.000  1.13% 0,000 L85 LD 855 - L AUBMES 8
9 0.000 6.283 0,000 0,485 0.000 0,719 0.257 1705 L.0F  7AY -l OVACE-S 9
100,000 0.847 0,000 6792 0,000 1,135 0,000 2,285 LU0 30 -l ATABEwES 10
110,000 0,184 0060 9,237 6.000 0.7 0.000 0.838  Lawd S0 S4emE gt
120,000 0,233 0.090 0,445 0.000 0,719 0,000 LT D00 569 0 IHSsEw04 12
CONBOSITION - HOLE FERCENT
400E W2 um e oo 02 N2 CHIOH  NODE
1 0.0 8.9 3.0 4 0.9 0.0 1000 1
00 19 a0 0.7 00 497 0.9 2
33 2.9 .7 1.9 0.0 3.4 0.0 3
5 0.0 0.9 0.0 0.0 .8 783 0.0 3
s %9 159 20 5.6 0.0 38.4 0.9 5
. 6 0.0 13.9 0.0 0.0 101 76,0 0.0 8
| 7 0.0 0.9 3.9 0.0 20.8  78.3 0.0 7
8 0.0 19.% 00 3.7 0.0 497 0.9 8
9 0.0 166 0.0 26,1 0.0 422 15.1 9
0 0.0 19.6 0.0 307 0.0 49.7 0.0 10
1 0.0 19.4 0o 7 0.0 49,7 0.9 1
12 0 195 0.0 30.7 0.0 9.7 0.0 12
INPUT PARAMETERS: QUTPUT PIRAMETIRS:. -
NUMBER OF CELLS 79 CELL VOLTAGE . v a2
. CELL AREA , ca2 10790 CURRENT DENGTY . wica? 158.5
» §R0SS FOWER . KM 7.75 NET EFFICIENI? (LHWY 41
PARASITIC POWER CONSUMPTICH , kM .75 STACK HEAT LEAD . 3%/r 319521
ENODE UTILIZATICH 0.75 KEFORMER HEAD _100 . 3:ian 4813, 6
CATHOGE UTILIZATICN 2,50 HEAT EX. HEA »330 . STU/4r 2321.9
HI0/Methanol AT FEFORMER IMLET L1 BLOYER FLOW BTE . cu. it.he 303.2

EXCESS QMYGEM AT EURMER INLET 3.0%

MATERIAL AND ENERGY BALANCE
FULL LOAD AT E50/C = 1.1 and 75% ANODE U7ILIZATICN
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) CATE: 12-13-1984
= ' NODE ARRAY ANALYSIS
i CONFIGURATION #4
- FLOW RATE - 1b sole/br Press Tems  Enthaloy
X HeDE K2 20 0 ce 02 N2 CH3DY T0TAL AN Deg-F ETU/hr  NODE
RS
| 100000 0,000 9,000 0,000 2.000 0,000 0.273 0.273 1000 60 -2.54BEH04 |
i 2 0.900 0,300 0,000  0.801 0,000 0,755 0.000 1454 1000 300 -9.04B2E404 2
- Io0.781 0,065 0,078 0837 0.000 0,753 0,000 2212 1000 400 -1.01B4E+GS 3
$0.000  0.023 0,000 0.000 0546 2,055 0,000 2625 L000 250 L.0B23E04 4
! S 0.234  0.264  0.038  0.637 0,000 0,753  0.000 1925 1000 350 -L.249SEX05 S
o b 0,000 9.370  0.000 0.000 0.273 2,055  0.000 2699 1000 350 -2.252E+04 &
li 70,000  0.006 0,000 0,000 0.3  0.511  0.000 0.653 1,000 70 1.8232E43 7
- 0 0.000  0.504  0.000  0.674 0,000 1264 0.000 2,402 1000 %S -LITREHS 8
9 0.000 0,300 0000 0400 0,000 0,755 0.273 1727 L0085 -L.O126EW5 9
10 0.000 0504 00000 0,873 0000 1284 0.000 2442 L0 500 -L4T92E405 10
L0000 8204 0,000 9,273 G.600 Q.51 0,000 0.988 1090 500 -5.9845E404 11
1290000 0.3 0,690 0401 9,000 2.753 0,000 453 1000 500 -B.BOTEs4 12
CCMPOSITION - MOLE PERCENT
NODE W2 K2 0 W 02 N2 CH3OH  NODDE
! 0.9 2.9 0.9 0.9 0.0 0.0 100,90 !
2 0.0 20,6 A 7.8 0.0 5.8 0.0 2
I3 nT ! a0 Ba 0.0 3
00 09 4 0.0 208 783 0.0 4
5122 157 200 W 60 31 0.0 5
500 13T a8 00 I Te2 0.0 b
700 09 o0 0.0 208 783 0.0 7
8 0.0 20 00 2.6 0.0 5.8 0.9 B
9 00 174 00 I 0.0 436 15.3 9
0 0.0 206 00 275 0.0 SLE 0.0 10
0.0 2008 0.0 28 0.0 S5LE 00
2 60 206 0.0 26 0.0 5.3 0.0 2
INPUT PARAMETERS: OUTPUT FARANETERS:
KUNEER OF CELLS 79 CELL VOLTAGE . oV 545.6
CELL AREA . ca2 tu10.0 CURFENT LENSITY , zA/cal 157.2
6R0SS PCAER . kW 7.2% NET EFFICIENCY (LKV) 22,91
PARASITIC FOMER CONSUMPTICN . kN .28 STACK HEAT L0AD , BTU/hr 31514.4
RNODE UTILIZATION 9,70 REFCRMER HEAT LOAD . BTU/br 10605. 6
CATHODE UTILIZATION 9.50 HEAT EX. HEAT LOAD . BTU/hr 2998.1
K20/Methanol AT FEFCRMER INLET 110 BLONER FLOW RATE , cu. ft/hr 806.9
EYZESS DIYGEN AT BUSNER INLET 0,01

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H30/C = 1.1 and 70% ANODE UTILIZATION
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ENERGY RESEARCH CORP.
LATED 12-17-1584

NODE ARRAY ANAQLYSIS

CONFIGURATION #4

FLOY RATE - 1b zolefhr Frece  Tgzp Enthalpy
HODE 2 20 {0 o2 02 N2 CM3OW TOTAL ATM Deg-f PTU/hr  NODE

0.0 0,000 0000 0,000 0,000 0,000 0,29t 0.291 1,000 80 -2.7261E+04 {
20,006 0,320 0,960 0370 0,000 0,792 0,000 1,483 1.000 300  -9,7254E+04 2
IO0.815 5,087 0,078 0,82 0,000 0,792 0.009 2,25 1,000 400  -9,94B1E+04 3

§ 0,000 2.023 0,000 0,000 0.543 2,082 0.000 2,607 1,000 250 1,0552E+04 4

5 0,292 0.272 . 0,038  0.624  0.000 0,792  0.000 2,019 1,000 350 -1.2316E40S 5

5 0,000 0,380 0,000 0,000  0.271 2,042 0.000 2,673 1,000 350 -2.14B3E+04 )

7 0,000 0,007 0,000 0,000 0.185  0.621  0.000 0,794 1,000 70 2,2157E+03 7

8 0,000 0,571 0,060 0.662 0,000  1.414 0,000 2.647 1,000 1066 -1.2319E405 8

9 0000 0.I20 0.0d 0,37t 0,000 0792 0.271 1,774 1,000 946 -9.7257E+04 9

19 9,00 9,571 0,000 0,662 0,006 1,414 0,000 2.547 1,000 500 -1,5137E40S 19
11 00900 0.251 0,000 0,791 0.000 4,621 0.009 1164 100 500 -5,8550E+04 11
120,000 6,320 6,090 0,370 0,000 6,792 9,000 1,383 1,000 SO0 -B,3323E+04 12

COMPOSITIZN - MOLE FPERCENT
NgoE H2 0 ) o2 02 M2 CHIOH  NODE

i 0.9 3.9 1, 4 6,9 0.0 0,0 160.0 i

2 0.9 L8 { 5.0 0,0 <34 0.0 2

3 35.4 2.9 1.s 28,5 0,0 33.6 0.0 3

4 0.9 0.9 0.0 0.0 0.8 78.3 0.0 3

5 14.5 13.5 1.3 RO 9.9 39.2 0.0 5

5 0.9 15.5 0,0 0.0 10,2 76.4 0.0 b

7 0.0 9.9 0.0 .0 2.8 743 0.0 1

8 0.9 2.6 2,0 25,0 0.0 52,4 0.0 8

9 0.9 12.0 9,0 20.9 0.0 4.5 16.4 9
10 0.0 2.6 0.0 25,0 4.0 53,4 0.0 10

1 0.0 1.8 0,0 25.0 0.0 53,4 0.0 I} .
12 0.9 1.6 0.0 25.0 0.0 53.4 0.0 12
INPUT FAAAMETERS: QUTPUT PARAMETERS: -

NUMSER OF CELLS 79 CELL YOLTAGE . oV 5493

CELL AREA . ca2 1970.0 CURRENT DENSITY , mA/ca2 156.1

EROSS FOWER , kM 7.75 NET EFFICIENCY (LKV) 2.3
PARASITIC POUER CONSUMPTICH , kN 2.25 STACK HEAT LCAD , BTU/hr 70,4

ANODE UTILIZATION 0.5 REFCRMER HEAT LOAD , BTU/hr 15394, 3 g
CATEODE UTILIZATION 0.50 HEAT EX. HEAT LOAD . BTU/hr 2431.3 e
H23/Mettanol AT REFORMER INLET 1.10 BLOYER FLOW FATE , cu. ft/he 823.1 ORI

EYCESS OYYGEN AT PURNER DMLET 9,901

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H30/C = 1.1 and 65% ANODE UTILIZATION
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ENERGY RESEARCH CORP.

DATE: 12-13-1984

NODE ARRAY ANALYSIS

CONFIGURATION #4

FLOY RATE - 1b mole/hr Press  Temp Enthaloy
NOOE H2 H20 o o2 02 N2 CHZO0H T0TAL ATH Deg-f BTU/hr  NODE
{0,000  9.000 0,000 0,000  0.000  0.000 0,242 0,242 1,000 60 -2.2476E+04 {
20,000 9,315 0000 0,519 0,000 0.807  0.000 1.741 1,006 300 -1.2703E+05 2
30,698 0,108 0.028 0.3 (.000  0.807  0.000 2,467 1,000 400 -1,35B1E+05 3
400,000 9,023 0,000 0,000 0,538 2.100  0.000 2,682 1,000 230  1.0835SE+04 4
3 0,140 9,295 0,028  0.833  0.000  0.807  0.000 2,103 1.000 350 -1.5958E+05 3
6 0,000 0.388  0.000 0,000 0,279  2.100  0.000 2.767 1.000 350 -2,3948E+04 b
7 0,000 0.994  0.000 0.000 0.084 0.316  0.000 0.403  1.000 70 112838403 1
g 0,000 0,438 0,000 Q.86  ¢.000 1,123 0.000 2.422 1,000 691 -1,4852E+03 8
¥ 0,000 0,315 0000 0,619 0.000  0.607 0,242 1,983 1,000 591 =1.3945E+05 9
19 0,000 0,438 0,000 0,881  0.000 1123 0.000 2.422 1,000 800  -1,7263E+05 10
I 0,000 0123 0,000 0,282 0,000 0,316 0.000 0.481 £,000 500  -4,8544E+04 11
126,000 9,313 0,000 0,819 0,030 9,807 0,000 1.741 1030 500  -1,240BE+95 12
COMPOSITICN - MOLE FERCENT
NODE H2 H20 £a €2 02 N2  CHIBH  NODE

1 0.0 2,9 0.9 9.4 0.9 9.0 100.0 1

2 0,0 12,1 PO 15.3 0.9 46.4 0.0 2

3 28.3 4.1 1.2 3.7 0.9 32.7 0.0 3

4 0,0 9.7 0.0 0.0 0.8 78.3 ¢.0 4

S 6.6 14.90 1.3 39,6 0.0 33.4 0.0 3

5 0.0 14,0 0.0 0.0 10.4 75.9 0.0 )

7 0.0 0.9 0.9 0.0 20,8 78.3 0.0 7

8 0.0 8.1 0.4 33.9 0.0 46.4 0.9 8

9 0.9 15.9 0.0 .2 0.9 40.7 12,2 9
10 0.0 18.1 0.9 35.8 0.0 46.4 0.0 10

11 0.9 18.1 9.0 355 9.0 44,4 0.0 {1
12 0.0 18.1 0.0 35,8 0.0 46.4 0.0 12
INPUT PARAMETERS: QUTPUT FARAMETERS:

NUMBER OF CELLS 79 CELL VOLTAGE . av 533.9
CELL AREA . ca2 1070.0 CURRENT DENSITY , nf/ca2 160.4
GROSS FOWER . kW 7.23 NET EFFICIENCY (LHV) 25.7%
PARASITIC POYER CONSUMPTION , kW 2.23 STACK HEAT LOAD , BTU/hr 32829.3
ANODE UTILIZATION 0.80 REFORMER HERT LOAD , BTU/hr 1263.2
CATHIDE UTILIZATION 0.5 HEAT EY. HEAT LCAD , ETU/hr 2953.9
HZz0/Methanol AT REFORMER DMLET 1,20 BLOWER FLOW RATE , cu. ft/hr 966.2
EYCESS DLYGEN AT BURMER INLET 9.0%

MATERIAL AND ENERGY BALANCE

FULL LOAD AT H0/C = 1.3 and 80% ANODE UTILIZATION
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L ENERGY RESEARCH CORP.
e [ATE: 12-13-1984

- | NODE ARRAY ANAGL YSIS

& CONFIGURATION #4
. FLGY RATE = 1b aole/hr Press Teap  Enthalov
"3 NEDE K2 K2 o2 62 K2 CH3OH TOTAL  ATM Deg-F BTU/hr  NODE
I 0,000  0.000 0.0 0,000  0.000 0,000 0,255 0.255  1.000 60 -2.3850E+04 1
N 200000 0331 0,000 0.544 0,000 0.850  0.000 1725 1000 300 -1.1623E405 2
R 3003 004 0,027 0772 0.000  0.830  0.000 2489 1000 400 -1.2869E405 3
; §0.090  0.023 0,000 0,000 0,583 2,079 0.000 2,654 1,000 250  LOTAIELOA 4
, S 0.484  0.297  0.027 0772 0.000 0.850  0.000 2130 1.000 350 -LAMIES 5
8 5 0.000 0.382  0.000 0,000 0,276 2,079  0.000 2737 1000 350 -2.35I0E+04 b
70,000 0.004 0,000 0,000 0.106 0,397 0,000 0.508 1000 70  1.4170E403 7
- 8 0,000 0.485 0,000 0,799 0.000 1247  0.000 2532 1.000 784 -1.6007E+405 8
. 90,000 0.331 0000 0.588 0,000  0.850  0.253 1.980  1.000  &B4 -1.2808E405 9
L 10 0.000  0.48 0,890 0799 0,000 1,247 0.000 2,532 1.000 500 -1.6h40E+05 10
’ 10,000 0155 0,000 0,255 0,000  0.397 0,000 0.807  1.000 500 -5.30326404 11
5, 20,000 6,331 0,000 0,588 0,000 0,850  0.000 1725 1,000 500 -LIS3TERS 12
- CCAPOSITION - MOLE PERCENT
- KaLE H2 MO e 02 02 N2 CHIOH  NDDE
r %0 80 00 0.0 00 0.0 100.0 1
' 200 192 a0 3e 6.0 a3 0.0 2
30224 42 L1300 00 3L 0.0 3
. 00 09 ne 00 208 T8I 0.0 4
X S 846 10 LI 382 80 3.9 0.0 5
5 00 140 0.0 0.0 100 759 0.0 8
700 0.9 0.0 0.0 20,8 783 0.0 7
8 0.0 192 00 36 0.0 4.3 0.0 B
: 9 0.0 187 0.0 25 0.0 429 129 9
. 0 0.0 192 00 3L 0.0 493 0.0 10
= 0.0 192 00 36 0.0 493 0.0
N 12 0.0 19.2 0.0 3L 0.0 49.3 0.0 12
INPUT PARANETERS: QUTPUT PAREMETERS: -
NUMSER OF CELLS 79 CELL YOLTABE . aV 539.5 N
CELL AREA , ca2 19780 CURRENT DENSITY , e/ca2 159.0 °
6ROSS FONER . kM 7.25 NET EFFICIENCY (LHV) 20.4% 25
PARASITIC POMER CONSUMPTION , kN 2.2 STACK HEAT LOAD . BTU/hr 32244.3
. A4ODE UTILIZATION 0.75 REFORMER HEAT LOAD , BTU/hr 4949.5
> CATHODE UTILIZATION 9.50 HEAT EX. HEAT LOAD , BTU/hr 2894.4
- H20/Nethanol AT FEFCEMER INLET 1.30 ELOJER FLOW FATE . cu. ft/br 957.3
EXCESS OXVGEN AT BURNER IMLET 0.0
S MATERIAL AND ENERGY BALANCE
- FULL LOAD AT H70/C = 1.3 and 75% ANODE UTILIZATiCN
2.
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ENERGY RESEARCH CORP.

fATZ: 12-17-1984
2
- NODE ARRAY ANALYSIS

2
2"
D

CONFIGURATION #4

FLOW RATE - 1b aole/br Press  Tesp Enthaloy

ueLE H2 hz0 co o2 02 N2 CH3OH TETAL ATH Deg-fF BTU/hr  NODE

10,000 0,000 0,00 0.000 0,000 0.000  6.270 0.270 1,090 60 -2.5202E+04 1
200,090 9.381 0,000 0.490  0.000  0.893  0.009 1,734 1,090 300 -1.0913E+05 2
TO0.783 0,107 0,026 0734 6,000 0.891  0.009 2,343 1,000 400 -1.2031E+05 3
4 0,060 0.023  0.000 0,000  0.548  2.081 0,000 2,632 1,000 230 1.0632E+04 L]
5 0233 0,303 . 0.026  0.734 0,000 0.893  0.000 2.191 1.000 350 -1.4323E403 5
6 0.000 £.373 0,000  0.000 274 2.088 0,000 2,710 1,000 330 -2.2948E+04 b
T 0000 0,005  0.000  0.000  0.131 0,491 0.000 0.627  1.000 70 1.751bE+03 7
3 0,000 0.544  0.000 9,750  0.000 1,385  0.000 2.483  1.000 @78 -1.35577E+03 |
9 0,000 0,351 0,000 0.49)  0.000  0.89%  0.270 2.004 1,000 778 -1,2010E+03 9
19 9.060  0.544 0,000 0.780 0,000 1,385 0.000 2,688 1,000 SO0 -1.6449E405 19
i 0,000 0.193 0000 0,270 0,000 0,491 0.000 0.934 1,000 S00  -3.8440E+04 i
12 9.900 0,351 0,000 0,490 9,000 0,893 0.000 1738 L0000 500 -1.062TE+0] 12

COMPOSITION - SOLE PERCENT

NOTE H2 H20 o ca2 02 Nz CHIOH  NODE
{ 0.0 0.9 4.0 4.9 2.0 0.0 100,90 1
2 0.0 2.2 1.0 28.3 0.0 it.3 0,0 2
3 30.8 4.2 1.0 2.8 9.0 335.1 0.9 3
3 0.9 0.9 0.0 0.0 20.8 78.3 0.9 4
3 10.7 13.3 1.2 33.5 0.0 40.8 0.0 ]
5 0.0 13.8 0.0 0.9 16.1 76.1 0.0 6
7 0.0 9.9 0.¢ 0.9 20.8 78.3 0.0 7
8 0.0 20.2 0.0 28.3 0.0 51.5 0.0 8
9 0.0 17.5 0.9 24.3 0.0 44,5 13.3 9
10 0.0 0.2 0.0 8.3 0.0 91,5 0.9 10
i1 0.0 20.2 0,0 8.3 0.9 3.3 0.0 1 .
12 0.0 20.2 0.0 28.3 0.0 3.3 0.0 12
INPUT PARAMETERS: OUTPUT PARARETERS: -
NUMEBER OF CELLS 79 CELL YOLTRGE , aV 544.1
CELL AREA . ca2 1070.9 CURRENT DENSITY , af/cal 137.6
EROSS FOWER . kW 7.25 NET EFFICIENCY (LHV) 23,01
PARASITIC PCHER CONSUMPTION , kN 2,285 STACK HEAT LOAD , BTU/hr 317811
nNODE UTILIZATION 0.7¢ REFORMER HEAT LOAD , BTU/hr 9129.4
CATHCDE UTILIZATION .50 HEAT EX. HEAT LOAD , BVU/hr 2875.8
H20/Methanol AT REFCRMER INLET 1,30 BLOYER FLCW EATE , cu. ft/hr 92.4

EXCESS QLYEEN AT BURMER [NLET 0.9%

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H70/C = 1.3 and 75% ANODE UTILIZATION
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ENERGY RESEARCH CORP.

NODE ARRAY ANAL YSIS

CONFIGURATION #4

SATED 12-12-1994

E__ FLEVY RATE - 1b mole/hr Frees Tezo Enthalcy
F:: NODE H2 RI0 8] co2 02 N2 CH3OH TOTAL ATM  Deg-f BTU/he NODE
1 0.000  (.000 0,000 0.000  0.000 0,000 0,288 0,288 1,009 60 -2.56949E+04 {
2 9,030 9.374 ¢, 409 0,452 1. 000 0.943 4,000 1.769 1,090 300 -1,0488E+05 2
300,837 43 0,08 4718 0,000 0,943 0.000 2,532 1.000 400 -1, 16928405 3
4 9,090 0,023 0,999 2,000 0,544 2.046 0,000 2,813 f.000 230 1.0577E+04 4
30293 0313 . 0.026 0714 0,000 0,943 0.000 2.288 1,000 350 -1,4028E+03 5
6 0,000 0,387 0.000  0.000 0.272  2.046  0.000 2,683 1,000 330 -2,.2253E+04 6 -
7 -0.000 0.007  0.000  0.000 0.160  0.500 0,000 0.746 1.000 70 2,1400E403 7 o
8 0.099 0,512 0,000  0.740 0. 000 1.543 0,000 2,893 1,000 973 -1.5491E+03 8
9 0000 0,37 #,000 ).452 0.090  0.943 0.288 2,057 1.000 873 -1,1502E405 9 e
19 0,039 9,512 0,4uh 0,740 0,900 1.543 9,000 2,895 1,090 500 -1,6488E+405 10 et
11 5000 0,772 0,400 0,2e8 2,000 0,800 0.009 1.126 1,000 500 -4.4911E+04 11 =
12 9.900 5,374 2,000 0,452 0,000 0,943 0.000 1,769 1.900 309 -1,0197E403 12 g RROR:
TS
COMPOSITICY - NOLE PERCENT PEAIEN
Y
NODE 12 H20 o £o2 02 N2 CHIDH NODE ':';’14;4
1 0.0 081} 30 9,0 0.0 0.0 106.0 i
2 (O] 2 ) 5Lt .0 33.3 .0 2
3 51,3 8.3 1,0 7.1 0.0 3.8 9.0 3
4 0.0 2.9 0,0 0,0 24.8 78.3 0.0 4
3 12.3 13.7 1.1 1.2 6.9 41.2 0.9 3
b 0.9 13.7 0.0 ()] 10.1 76,2 6.9 b
7 0.0 0.2 0.9 9.0 20.8 78.3 0.0 7
B 0.0 21.1 0.0 5.6 0.0 33.3 0.0 B
9 0.9 18.2 0.0 2.9 0.0 45.8 14.0 9
19 0.0 2.1 0.9 2886 4.0 33.3 0.0 10
{1 0.9 21.1 0,0 25,8 0.0 33.3 0.0 11
12 0.9 2.1 0.0 25,6 0.0 33.3 0.0 12
INFUT PARAMETERS: QUTPUT PARAMETERS:
NUMSER QF CELLS 79 CELL YOLTAGE , aV 548.0
CELL AREA , c22 1079.0 CURRENT DENSITY , aA/ca2 134.3
GPOSS PGWER . kW 7.25 NET EFFICIENCY (LHV) 21.6%
PARASITIC PCHER CONSUNPTICN , kW W23 STACK HEAT LOAD , BTU/hr J1417.8
ANODE UTILIZATION 0,85 REFORMER HEAT LOAD . BTU/hr 13857.4
CATHODE UTILIZATION .59 HEAT EX. HEAT LOAD , BTU/hr 2904.7
EXCESS CXYGEN AT PURNER IHLET 2,01

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H30/C = 1.3 and 65% ANODE UTILIZATION




i . gl valh gty gt
A Rt T N Y iy i N LIS -t P oy T NEe S X - -

nanaennis i
Kawed
ENERGY RESEARCH CORP. ®
[ATE: 12-13-1984 '-ig:, X
"l: \i“ )
S
NODE ARRAY ANALYSIS R
R
CONFIGURATION #4 Y
\-".\':,%f_g
G RALYL N
FLC4 RATE - 1b sole/hr Press Tesp  Enthalov R
h \-\“:'ﬂ:
NODE B2 H o 02 N2 CHIOH T0TAL  ATH Deg-F BTU/Mr  NODE LR NN
I 0.000  0.000 0,000 0,000 0.000  0.000  0.281 0.281 1000 60 -2.2601E404 |
20,000 9,382 0,000 0738  0.000  9.938 0,000 208 1,000 300 -1.S031E4)S 2
. 30.701 0.1 0023 0.5  0.000  0.938 0,000 2,762 1000 400 -1.598TE40S 3
+0.000  0.023 0,000 0,000  .561 2,109 0,000 2,693 1000 250 1.0S01E+04 4
S 0.140 0337 0.023  0.956  0.000 0.938 0,000 2394 1000 350 -1.B2T2E405 S
6 0.000 0.391  0.000  0.000 0.280  2.109  0.000 2781 1000 350 -2.4194E+04 b
7 0.000 0.003  0.000 0,000 0.082 0,307  0.000 0.392  1.000 70  1.0943E403 7
8 0,000 0.48 0,000 0.979 0,000 1,245  0.000 2705 1.000 644 -L9IAEHS B
9 0.000  0.352  0.000 0733 0.000  0.938  0.241 2279 1.000 544 -1.A313EX05 9
10 0,000 0480 0.000  0.979  0.000  1.245  0.000 2,705 1.000 500 -1.94BRE+0S 10
5 1 0.000  0.118 0.060  0.280 0,000 0,307 0000 0.667 1,000 500  -4.B026EH0H 11
- 12 0.600 0352 9.0 0738 0.000 0,938 6,000 2,033 100D 50 -1L4883E405 12
(OMPGSTTICN - NOLE PERCENT
N0Dz W3 Y, 02 N2 CHIDH  NODE
Loe % w0 00 0.0 100.0 !
- 200 1T.E a0 I 0.0 6.0 0.0 2
- 3024 52 0E e 0.0 30 0.0 3
2 $ 00 03 a8 0.0 2.8 783 0.0 4
S 59 141 L0 99 0.0 39.2 0.0 5
5 0.0 M1 a0 0.0 100 759 0.0 5
7 60 09 0.0 0.0 208 783 0.0 7
8§ 0.0 178 0.0 362 0.0 460 0.0 8
9 0.0 159 0.8 34 0.0 412 10.b 9
0.0 1.8 0.0 382 0.0 460 0.0 10
0.0 1.8 0.0 362 0.0 0 0.0
2 0.0 1.8 0.0 342 0.0 .0 0.0 12
INPUT PARAMETERS: ' QUTPUT PARAMETERS: .
* NUMBER OF CELLS 7 CELL VOLTABE . aV 531.6
- CELL AREA , c22 1074, CURRENT DENSITY , aA/ca2 1613
§2055 POMER . KM 7.75 NET EFFICIENCY (LHY) 25,71
X PARASITIC PONER CONSUMPTICH . kW 275 STACK HEAT LOAD . BTU/hr 33198.2
- ANODE UTILIZATION 0.€0 REFORMER HEAT LOAD . BTU/hr 1976
- CATHODE UTILIZATION 9.50 HEAT EX. WEAT LOAD , BTU/hr 3477.0
2 H20/Nethanol AT SEFCENER INLET 1,50 BLONER FLOW RATE . cu. ft/hr 131
) EXCESS ONYGEN AT BUSNER INLET 9.01
< MATERIAL AND ENERGY BALANCE
% FULL LOAD AT H,0/C = 1.5 and 80% ANODE UTILIZATION
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NODE ARRAY ANALYSIS

CONFIGURATION #4

- v
..
.
AT

;-'.: FLOY RATE - 1b aole/hr Press  Tesp Encthalipy
;:: NODE H2 H20 £3 coz 02 N2 CHZDH TOTAL ATH  Depe3 ST e NODE
n § 0.000  0.000 0,000 0,000  0.000 0,000 0,25 0.254 1.000 ad -2, TTTES i
20,000 0.331 0,000 0,649  0.000  9.994  9.000 2,024 (1] I (5 Y YR it Y 2
::: 300,740 0,149 4022 0,882 9.000 0,994 0,000 2.786 1.000 A0 -} AEAEIS 3
x 4 0,000 0,023 0,000 0,000  0.555 2,087  0.000 2.545 1,000 G0 LOFRISESOR 4
f.-’.‘ 5 0.185 0,330  0.022 0.882  0.000 0.994  0.000 2,423 1,000 I0 -LLIRSHNS 3
6 0,000 0,386 0,000 0,000 0.277 2,087  0.000 2,754 1.000 I -2 7TH«HR b
‘ 7 0,000 0,004 0,000 0,000 0.103  0.389  0.000 0.494 1,000 W L BEEWD 7
g8 0.000 0.330  0.000 0,903  0.000 1,783 0,000 2.815 1.000 728 -0300FZE«S 8
. 9 0,000 9.38t 0,000 0,838 0,000 0,994 0,234 2.278 1000 B3 -1 4905 9
: 19 0.0%0 0,520 0000 0,303 0,009 1,385 0.000 2,815 1,000 00 -1 345805 10
I {1 0.000 0,143 0.G% 9,254 0,000 0,389 0,009 0.791 1,000 Sl -5..7T0G«04 11
FP;:. 12 9,600 9,381 0,000 0,649 0,000 0.994 0,000 2.024 1,000 i -LSWIEROS 12
{'_ j: C74POSITION - NOLE PERCENT
; HO0E H2 H20 £o €a2 02 N2 CHIOH  NEDE

{ 0.0 9.4 DR 0.0 0.0 0.0 100.0 {

2 0.0 {£.8 DY) 1 3,0 35.¢ .0 2

3 28.6 3.3 0.3 b 0.9 35.7 0.0 3

4 0.0 0.9 0.9 9.0 20.3 78.3 0.0 4

3 7.6 14.9 0.9 5.4 0.9 41.0 0.0 3

6 0.9 14.0 N 0.0 10.1 75.9 0.0 .}

7 0.0 9.9 0,9 2.9 20.9 78.3 0.0 7
- 8 0.0 18.8 0,0 3.1 0.0 49.1 0.0 B8
S 9 0.9 15.7 0.0 28.5 0.0 13.5 {1.1 9
K 10 0.0 18.8 8.0 32.1 0.0 49.1 0.0 10
- 1 3.0 18.8 0.0 321 0.0 49.1 0.0 1

- 12 0.0 18.3 2.0 32.1 0.0 49.1 0.0 12

INPUT PARAMETERS: QUTPUT PARAMETERS:

NUMBER CF CELLS 79 CELL VOLTRBE , aV 3573
CELL AREA . cal 1070.9 CURRENT DENSITY , mAd:a2 1584
i 6ROSS FCWER . kW 7.25 NET EFFICIENCY (LHV) 4.5
e PARASITIC POYER CCNSUMPTICN , kW 2.8 STACK HEAT LOAD . BTG#ir T
' ANODE UTILIZATION 0.75 REFORMER MEAT LOAD , FU/Ar B2
e CATHODE UTILIZATION 0,50 HEAT EX. HEAT LOAD . 3{Ushr 0.9
e H20/Methanol AT FEFCRMER [MLET 1.57 BLOWER FLOW RATE , co. :tiftr 1123.4
" EXCESS QOX7GEN AT EURMER IMLET 9.0%

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H70/C = 1.5 and 75% ANODE UTILIZATTON
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ENERGY RESEARCH CORP.
DATE: 12-13-1984

NODE ARRAY ANALYSIS

CONFIGURATION #4

FLOY RATE - 1t neleshr Press Temp Enthaloy

e
[E]
"

H2 H20 o g2 02 N2 CH3OH TOTAL ATH  Degq-f BTU/hr  NODE

I 0,000 0,000 d.000 0,000 0,000 0,000 0,289 0.269  1.000 60 -2.517BE+(04 {
200000  0.803 0.0 0.335  0.000 1,030 0.000 2,033 1,000 300 -1,28BIE+0S 2
S0.785 0,155 0,021 0.83F 0,000 1.03)  0.000 2.844 1,000 400 -1,3979E40S 3
4 00000 0,023 0.090 0,000 0,550 2.089 0,000 2.642 1,000 230 1.0692E+04 ]
5 023 0.347 . 0.021 0.833  0.000 1,050  0.000 2,487  1.000 330 -1,6250E+05 3
& 0,000 0.381  0.000  0.000 0.275  2.069 0,000 2.724 1,000 350 -2.3452E+04 b
T 9,000 0,005  0.000 0.000 0.128  0.482  0.000 0.616  1.000 70 1.7200E403 7
g 0,400 0,339 G000 0,834 0.000 1,532 0,000 2,975 1000 Bl&  -1.74BBE+0S 8
9 0.000 0,403 G000 0,583 0,000 1,030 0,269 2,307 1,000 Ti6 -1,3990E+0S 9
00,090 9,539 0,000 0.83%F 0,000 1,832 0,000 2,975 1000 500 -1.8305E+05 19
I 0,000 0,185 00000 0,269 0.000  0.482 9,000 0,937 1,000 00 -C.783SE+0d 1
120,000 9,403 0,000 0,583 0,060 1.030  0.000 2,038 1,000 EO0 -1,2342E405 12

COMPOSITION - NOLE PERCENT

NOLEZ H2 H20 o co2 02 M2 CHIOH  NODE

{ 3.9 4.9 9.0 0.0 0.0 3.0 100.0 {
2z 0.9 19.8 0,4 28.7 3.0 s1.3 0.0 2
M 7.8 5.5 9.7 29.3 0.0 35,9 2.0 3
) 2.0 0.9 0.0 0.9 20.8 78.3 0.0 4
5 2.5 14.9 0.8 33, 9.0 42,2 0.0 3
b 9.0 14.0 9.0 0.9 10,4 3.9 9.0 [
7 0.0 0.9 0.0 0.9 20.8 79.3 0.9 7
8 0.0 19.8 0.0 28.7 2.0 313 0.0 B
9 0.0 17.5 0.0 25.4 0.0 45.5 1.7 9
19 0.9 19.8 0.0 28.7 0.0 51.3 0.0 19
11 0.0 19.3 0.0 28.7 0.0 31.3 0.0 11
12 0.9 19.8 0.0 28.7 0.0 3.3 0.0 12

INPUT PRRAMETERS: OUTPUT PARAMETERS:

NUMSER OF CELLS 19 CELL VOLTAGE , 2v 342.1
CELL AREA |, ca2 1079.0 CURRENT DENSITY . nA/ca2 158.2
6ROSS PCWER . kW 7.23 NET EFFICIENCY (LHV) 3.1
PARASITIC POWER CCNSUMPTION , kN 2.2% STACK HEAT LOAD , BTU/hr 3137
ANODE UTILIZATIGN 0.70 REFCRMER HEAT LCRD , BTU/hr 8083.8
CATHOOE UTILIZATION .50 HEAT EX. HEAT LCAD , &TU/hr 3383.0
Hl0/Methanol AT REFCFMER [HLET 1.5) BLOWER FLON RATE |, cu. ft/hr 1130

EXCESS OYYCEN AT BURNER INLET 3.0%

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H,0/C = 1.5 and 70% ANODE UTILIZATION




ENERGY RESEARCH CORP.
3 DATE: 12-13-1984

NODE ARRAY ANALYSIS

l CONF IGURATION #4
: FLOY RATE - 1b aole/hr Prezs Teao  Enthaloy
;Z NOLE H2 H20 ol o2 02 N2 CH3OH T0TAL ATH Deg-f BTU/hr  NODE
ag 10,000 0,000  0.000 0,000  0.000 0,000  0.237 0.287  1.000 60  -2,5B58E404 t
| 70,600 0.330  0.000  0.53 0.000 .11 0,000 2,080  1.000 300  -],2358E4(5 2
3 0.840 0.1 0.020  0.805 0,000 L1l 0.000 2,930 1,000 400  -1,3540E+0S 3
400,000 0023 0,000 0,000  0.545 2,058 0.000 2,622 1,000 250  1.C&14E+04 [
5 0.294 0,359 . 0.020  0.805  0.000 111l 0.000 2.589  1.000 350 -1,5B3E+0S 5
6 0.000 0,374 0.000 0,000 0.273 2,054 0,000 2,700 1,000 350 -2.2903E+04 )
70,000  0.007  0.000 0,000 0,157  0.591  0.000 0.755  1.000 70 2,1078E+03 7
8 0.000  0.659  0.000  0.826  0.000 1,702 0.000 3.187 1,000 903 -1,7291E+05 B
9 0,000 0.3%  0.000 0,539 0.000 1,111 0,287 2,367 1.000  BOY  -1,3377E0S 9
10 0,000 0,559 0,030 0.825  0.090 1,702 0.000 3.187 1,000 500 -1,8409E+05 10
10,000 0,229 6600 0,287 0,000 9,551 0.000 1107 1000 500 -a.3943E+04 1
120,000 0.830 0,000 0,522 0,000 1111 9.000 2,080 1,000 500 -], 201SE40S 12
COMPOSITICY - MOLE FERCENT
%0LE H2 H20 £o c02 02 N2 CHIOH  NODE
1 0,0 0.0 a0 0.0 9.0 9,0 190,90 1
2 0.0 20,7 0.0 25.9 2.0 83.4 0.9 2
3 28.4 5.4 0.7 21.4 0.0 37.8 0.0 3
4 9.0 0.9 9.0 0.0 20.8 78.3 4.0 4
g 11,4 13.8 0.8 3L1 9.0 12,9 0.0 5
4 0.9 13.3 0.0 0,0 10.1 76.9 0.0 3
i 7 0.0 0.9 0.0 0.0 20.8  78.3 0.0 7
- 3 0.0 20.7 0.0 25.% 0.0 53.4 0.0 8
- ? 0.0 18.2 0.0 22.8 0.0 46,9 12.1 3
2 10 0.0 0.7 2.0 259 0.0 534 0.0 10
ti- 1t 0.0 0.7 0.0 25.9 0.0 53.4 0.9 1
K 12 0.0 20.7 0,0 25.9 0.0 53.4 0.0 12
o
p—
[ INPUT PARANETERS: OUTPUT PARAMETERS: -
b .
¢ NUMBER CF CELLS 79 CELL VOLTASE , oV 546.1
CELL AREA , ca2 1070.0 CUERENT DENSITY . aA/ca2 157.1
BROSS POMER , kN 7.25 NET EFFICIENCY (LKV) M.7%
PARASITIC PONER CONSUMPTICH . kM 2.25 STACK KEAT LOAD , BTU/hr 31735.7
ANODE UTILIZATION 0,45 REFORMER HEAT LOAD . BTU/hr 12813.0
CATHEDE UTILIZATION 9.50 HEAT EX. HEAT LOAD , ATU/hr 347,68
H20/Mathancl AT REFGEMER IMLET 150 BLOWER FLOW RATE , cu. ft/hr 1154.2
EACESS Of7CEN AT EURNER [NLET 0,01

MATERIAL AND ENERGY BALANCE
FULL LOAD AT Hyp,c = 1.5 and 65% ANODE UTILIZATION
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APPENDIX B

THERMODYNAMIC PROPERTIES OF METHANOL
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PRESSURE DROP CALCULATIONS

The pressure drop of the reformer, and the combustion
section of the reformer are important parameters in a fuel cell
power plant. The combustion section of the reformer is fed low
pressure anode exhaust which is burned and passed through the
combustion annuli. In order to minimize pressure boosting by
blowers, a minimum pressure drop is desired. Normally no
pressure boosting is required in this stream. The vaporizer and
catalyst bed section of the reformer are fed by a liquid pump for
methanol and a recycle blower for the recycle gas. 1In order to
minimize the pressure boost requirement for the recycle blower,
minimum pressure drops are desired for the vaporizer and cata-
lyst bed as well.

The complicating factor in addition to these considera-
tions is that there is a relationship between pressure drop in
a system and heat transfer in the same system. 1Ideally, a low
pressure drop and high heat transfer is desired. However, due
to the turbulence created in fluid flow as pressure drop in-
creases, there is an increase in heat transfer as well. Colburn
defined this relationship as follows (under conditions of turb-
ulent flow):

Cp

where

lag
1]

heat transfer coefficient (BTU/Ft2 HR ©OF)

v}
n

Diameter (inches)
density (lb/ft3)

AP = inches of water

L = length (ft)

p = heat capacity BTU/lb OF

@]
I

Yo

o '
]

M N

LY

o
' _:'.- o

h
Y %
.'

v/,
’
LA
- P
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ENERGY RESEARCH CORPORATION

Figure C-1 depicts plots of the above equation for tubes of 1 and

3 inches. The equation and the plot show that for a given size

pipe, as the mass velocity is increased, the heat transfer rate

goes up with 0.44 power of the pressure drop.

For cored tubes containing a centrally located cylindrical
core or plug, the above equation applies if D is defined as the

equivalent diameter or clearance. For a given mass rate through

an empty tube or annulus, an increase in velocity caused by

inserting a core in the pipe gives results represented by the

following equation.

h= 615 m 0-125 (dp-dc) 0.125 ( 0B P)0.345
Cy —_— L
P dp-dc
where m = total mass flow per tube (lbs/sec)

dp diameter of pipe
dc

diameter of core

1

Therefore, it has been shown that pressure drop does have a

bearing on heat transfer. Figure C~1 does show, however, that

baffled tubes result in higher heat transfer coefficients that

are not much lower than packed tubes but result in much lower

pressure drop. This provides an incentive for improving heat

transfer in the reformer by baffles or extended surfaces.

For the purpose of this design, various reformer diameter
annuli were examined in order to determine a desirable size which

were calculated based on the equivalent diameter of a tube having

would provide both sufficient heat transfer area and reasonable SDENON
'.. -\‘l.\

pressure drop. S
:': ‘:

':; FCI) :-‘

Pressure drop of the various annuli at different diameters ‘.-"-" "

= ~

an equal cross-sectional area as the annulus in question. A

Page No. C-3
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ENERGY RESEARCH CORPORATION

nomograph such as depicted in Table C-1 was used to estimate
expected pressure drops in each empty annulus of the reformer.
For packed annuli, namely the reforming annulus containing the
reforming catalyst, a different method was used. Table C-2 shows
the equation and parameters used for determining the pressure
drop in the packed annulus.

After evaluating various diameters for the reformer, the
sizes shown in Table C-4 were chosen. These were chosen for
their ability to provide sufficient heat transfer area and low
pressure drop in the combustion annulus and in the vaporizor and

reforming annuli.
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TABLE C-1
PRESSURE DROP IN PIPES

FLOW IN PIPES AND CHANNELS

Turbulent region

Fay
Liquids:—i’- Centipoises®'€
Diameter, Weight Nl‘os'? Ap’ Lb/cu. ft ot ) otm.
octual insid flow, velocity, L F 0.6
diu‘r‘ne}:?: i:- ?hwso:nds thousands Gases: L (R) K . Temperture,°C.
0y ./hr In/heisq. £t p Lobsolute pressure 100 P Gases TLiquids -
-0 w - 15 |67 of gas, atmospheres; -100
3 40 100000 :' 5?{;,%:\ ‘/“f;_"g,-';; 50 -
30 50,000 :—I0.000 ;-14 100 X ] 50
20,000 r E 30 3 1000 20 Gases -
20 0000 [%¥ Eg3 500
5000 [ 1 10 _ [}
15 E s 10 ]
2000 - 2000 E-12 100 Ao s ——— — ——,
1000 Py E. S0 V-
9 s0 L1000 _\” o ; am
8 200~ b \ : 10 / 2
7 - . ]
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TABLE C-2
PRESSURE DROP THROUGH PACKED BEDS

Pressure drop data for fixed beds have been correlated by Carmen
[Trans. Inst. Chem. Eng. 15, 150 (1937). where the symbols are
detined. He plotted a pressure drop term against Reynolds

number.

APe’ . ___up
hso(1 — e)pu? against (Re) = 1=

That is
seutl —¢)

The correlation can be rearranged and expressed in more
readily available units with the result that

AP is obtained in Ib/in? or kg cm™ 2. The factor B is dependent
on SMh/u.

To calculate a pressure drop, first calculate M/u (sce table 15),
and evaluate SMh/u, and then obtain B in ft Ib h units from table
14a, or in metric units from table 14b. Substitution of the value
of B in the equation given above gives the required pressure drop.

The values of pressure drop calculated from tables 14a and b
are those expected in beds of packed catalyst. In use the bed
packs down, causing the voidage in the bed to decrease and the

_ mrde? , pressure drop to increase to these expected values.
AP = BRSMT/P Some typical values of M/u are given in table C-3.
where B = a quantity derived from a table by reference to the
value of SMh ;..
S = space velocity (h '),
M = average molecular weight of gas,
h = height of bed (feet or metres),
u = viscosity of gas (Ibft" ' h ™! or centipoises),
T = average temperature of gas in reactor (Rankine
or Kelvin),
P = average pressure in reactor [Ib/in? (abs.) or kg
cm ™2 (abs)).

Pressure drop

Catabyst size
SxSmm 6x6mm Bx8mm 10x0mmASx113 17x17mmiTx17mmi-Aw }-§mn

D x lengih, IxImm  §$4x36

or dia mm mm

Shape cyhnder  cylinder  cylinder  cylinder  cylinder  cylinder  cylinder  ring Ing spheres granutes

ICT Caralyst No. 11-3,155, 15-4 46-1,87-1 54-2 32-4 35-4

41-3,52-1 Tubular
reformer

. Values of B in ft Ib h units

SMh oy

1t b h) 7 )

20100 901071 44x107 " T5x10°13 §2x10°** 32x107*2 22x10"12 14x10°"? 94x 107 ** 56x107'* 4410 " 40x10" "

I0x10® S§6x 10712 31X 10712 SIx107'1 42x107" 25x 1073 181071 12x 1072 79x10°'* 47x10 '* 3110 "> 33x10° ") .

60 10° 20x10°11 25510743 3710717 28x 10712 20x 107" [5x 10712 10X 10712 64x 1) ¢ 38x10 "¢ 25> 10 25w 107 ")

10x10° 4% 101 22x10° "2 32x 1071 28x 107" 18X 107! 14x 10712 96x10 14 $6x 107 34x107"¢ 22x10 " 2110 "}

30x 10’ 26% 107" 19x 1071 26x 10743 20 x 107> 15x107*2 1:2x107'? 86x 107" 47x107"* 29x 107" 19x10 > 15x 10" "?

Sifh Values of B in metric units ——-

3 Hn

'|":t:r;:)gn"” 29w 101 11x1077 18% 10752 1310717 771072 $4x 10712 36x 10712 2410 ' (4% 1072 1Ix10°"7 10«0 7

20 x 10 16x10 " 82x10 > 14%10 2 11 x10°" 66x107"! 38x10°'2 32x10° 12 20«10 ' 12x10 " 82x10 P 8710V

10> 10® 10x10 1 62x10 " 97x10 13 770" SIx 107" 38x 10712 26x10 2 1610 > 97x 10 ** 62x10 '* 65x10" "

$0x10° B2x10°' 54x10 > 7Tx 10773 §0. 10 13 44x 107" 34w 1071 241071 14«10 VP R6x IO $4x107P S2xi0

20107 26x 10" 48x 10710 65x 10 13 §2. 5 3 3Ex 107" 29x1071 22X 107 12x10 P 710 ' 48x10 AT 10
SOURCE: Catalyst Handbook, Springer-Verlag, New York Inc.,

Wolfe Scientific Books/London-England, 1970
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TABLE C-3

MOLECULAR WEIGHT/VISCOSITY RATIOS

Some values of molecular weight/viscosity are given for typical
gas streams. For most duties the accuracy of these values is

adequate for the evaluation of pressure drop

Duty M.u Mu
(ft Ib h units) {metric unitsi
Primary reformer 190 460
Secondary reformer 150 360
HT CO shift 290 700
LT CO shift 370 %90
Methanation (NH, plant) 200 430
Methanation (H, plant) 70 160

SOURCE: Catalyst Handbook, Springer-Verlag, New York Inc.,
¥olfe Scientific Books/London-England, 1970
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HEAT TRANSFER CALCULATIONS

In order to evaluate the heat transfer characteristics of
the combustion tube and vaporizer components, heat transfer
coefficients were determined based on two correlations. The
Leva cooling correlation was used for the combustion tube, and
the Beek correlation was used for the vaporizer.

The heat transfer coefficients predicted by the Leva cool-
ing correlation for a packed tube was calculated at part load and
full load conditions. This coefficient was then converted to an
"empty tube" coefficient by using a factor developed by Colburn.
The empty tube coefficient was compared to the effective heat
transfer coefficient actually obtained. The results indicated
that the effective heat transfer obtained was lower than the
predicted empty tube coefficient. Tables D-1 and D-2 depict the
correlation and results obtained. A plot of the Nusselt number
and heat transfer coefficient versus the Reynolds number in
Figure D-1 indicates that improvements in heat transfer can be
obtained by increasing the Reynolds number. However, this
improvement is obtained at a pressure drop penalty, since
pressure drop also increases with the Reynolds number.

The heat transfer in the vaporizer was also evaluated by
using the Beek correlation. Here too, a packed tube coefficient
was calculated first, and an empty tube coefficient was derived
from the packed tube coefficient. The correlation used, and the
coefficient obtained are illustrated in Tables D-3 and D-4. The
data was also plotted in Figure D-2. Here too, an increase in
heat transfer rates can be observed as the Reynolds number
increases.

Figure D-3 shows some typical levels of heat transfer
coefficients. Although specific conditions, such as tempera-
ture, velocity, and geometry affect the heat transfer coef-
ficients, the figure presents some typical values of h for the

Page No.D-2
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purpose of comparison. The h obtained experimentally falls
between the h for atmospheric natural convection of air and
forced convection of air.

The heat duty desired for heat transfer from the combustion
Q tube to the vaporizer is 9072 BTU/hr. The actual heat transfer
; obtained was 2961 BTU/hr. Therefore, an increase in heat
-f transfer by a factor of 3 was required. This necessitated a
. design modification which would provide additional heat trans-
. fer to meet the requirement.

FPage No. D-3
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TABLE D-1

oy LEVA COOLING CORRELATION

:‘. NuT = 3.5 e (‘4.6 DP/DT) ReP 0.7

- Nup = Nusselt Number hDt/k

. h = Heat Transfer Coefficient

o Dy = Hydraulic Diameter of Combustion Tube
;: k = Thermal Conductivity of Gas

Ay

®. Rep = Reynolds Number Dp G/u

o Dp = Particle Diameter

::I: G = Mass Flow Rate/Cross Sectional Area of Combustiicm
o Tube

4

- o= Viscosity of Gas

7

Ry

~r
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\ < TABLE D-2
.‘!
N COMBUSTION TUBE HEAT TRANSFER COEFFICIENTS
\i
N
THEORETICAL THEORETICAL EXPERIMENTAL
PACKED TUBE (1) EMPTY TUBE (2) ©)
FLOW HEAT TRANSFER HEAT TRANSFER HEAT TRANSFER
COEFFICIENT COEFFICIENT COEFFICIENT
(BTU/Hr Ft2OF)  (BTU/Hr Ft2°F) (BTU/Hr Ft2°F)
4 kW 103 13 8
7.25 kW 108 14
NOTES :

1l 3/16 INCH DIAMETER TUBE WITH 3/16 DIAMETER
PACKING - USING LEVA COOLING CORRELATION

a (2) BASED ON RATIO BETWEEN HEAT TRANSFER COEFFICIENT re

: FOR PACKED TUBES AND EMPTY TUBES DEVELOPED BY acy
N COLBURN. S
- i '-\::‘
- (3)  USING Pt MONOLITH AND 4 3/8 INCH LONG Pt PELLET e
- BED. SRS
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TABLE D-3

BEEK CORRELATION FOR CYLINDERS

| Nug = ‘—3—; (2.58 Rep-33 Pr-33 + 0.094 Rep-8 Pr-4)
?: Nug = Nusselt Number hDt/k
& h = Heat Transfer Coefficient
F! Dy = Hydraulic Diameter of Annulus
E. k = Thermal Conductivity of Gas
. Rep = Reynolds Number Dp G/u
bp = Particle Diameter
G = Mass Flow Rate/Cross Sectional Area of Annulus
uy o= Viscosity of Gas
- Pr = Prandtl Number uCp
Eg Cp = Heat Capacity of the Gas

S A
Cata W uy
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TABLE D-4 DGR
YA
VAPORIZER HEAT TRANSFER COEFFICIENTS oy gj
d'. (3
R
THEORETICAL THEORETICAL EXPERIMENTAL (3)
PACKED TUBE (1) EMPTY TUBE @
FLOW HEAT TRANSFER HEAT TRANSFE HEAT TRANSFER
COEFFICIENT COEFFICIENT COEFFICIENT
(BTU/Hr FtZ2°F) (BTU/Hr Ft2°F) (BTU/Hr Ft2°F)
4 kW 39 5 8
7.25 kW 42 5.3

NOTES:

(M 1 3/16 0.D./2.12 INCH I.D. ANNULUS WITH 5/16
INCH PACKING USING BEEK CORRELATION.

C) BASED ON RATIO BETWEEN HEAT TRANSFER COEFFICIENT
FOR PACKED TUBES AND EMPTY TUBES DEVELOPED BY
COLBURN.

(E) USING Pt MONOLITH AND S/S SHAVINGS AS PACKING.
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tarced convection
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' Combustion Tube/Vaporizer
o Steam, dondensing
": Water, boiling
. e
' Water, forced convection
R S
K Water, naturat convection
I Freon, condensing
- Fraon, evaporating
) —
- Hydrocarbon fraction, condensing
, S—
Hydrocarbon fractions, evaporating \
_ Hydrocarbon tractions, liquid
s Hydrocarbon fractions, gas
’. Qils
. Hydrogen
s . pr——

Air, atmos. pressure,

(=

- natural convection . ;

I Bu/(h) (°F)f12) 0. ‘
Kcal/th) (°C)m2) 2 -
WHm2)(°C) 7

o 4

Approximate values of h, fluid-to-surface heat-transfer coefficients

FIGURE D-2
APPROXIMATE VALUES OF HEAT TRANSFER COEFFICIENTS

. SOURCE: Process Heat Exchange, Edited by Vincent Cavaseno
and the staff of Chemical Engineering McGraw Hill
Publication Co., New York, NY page 101, 1979.
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